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® There is disclosed herein a driver system for an 
ultrasonic probe for allowing a user to have propor- 
tional control of the power dissipated in the probe in 
accordance with the position of power dissipation 
controls operable by the user. The system uses a 
tunable inductor in series with the piezoelectric cry- 
^stal excitation transducer in the probe which has a 
<JJflux modulation coil. The bias current through this 
Ojflux modulation coil is controlled by the system. It is 
^controlled such that the inductance of the tunable 
00 inductor cancels out the capacrtive reactance of the 
Qload impedance presented by the probe when the 
^ probe is being driven by a driving signal which 
CM matches the mechanical resonance frequency of the 
Qprobe. The resulting overall load impedance is sub- 
stantially purely resistive. The system measures the 
QJphase angle and monitors the power level. The sys- 
tem uses this information to adjust the bias current 
flowing through the flux modulation coil to maintain 



the substantially purely resistive load impedance for 
changing power levels. This information is also used 
to adjust the frequency of the driving signal to track 
changing mechanical resonance conditions for the 
probe at different power levels. This method of op- 
eration insures substantially maximum power trans- 
fer efficiency and substantially linear power control 
over a range of power dissipation levels. There is 
also disclosed herein an analog circuit to measure 
the phase angle for the load driving signal and to 
adjust the frequency of the driving signal for best 
performance. This system includes an integrator to 
eliminate the effect of offset errors caused by oper- 
ational amplifiers. There is also disclosed a system 
to determine the mechanical resonance frequency 
by sweeping the drive frequency and monitoring the 
drive current for the frequency at which the drive 
current is a maximum. 
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LINEAR POWER CONTROL FOR ULTRASONIC PROBE WITH TUNED REACTANCE 



Background of the Invention 

The invention relates to the field of phacoemul- 
sification probe driving apparatus, and, more par- 
ticularly, to the field of tuned reactance process for 
phacoemulsification. 

It has long been known that, in delivery of 
electric power to inductive loads or capacitive 
loads/maximum efficiency and maximum delivery 
of said power occurs when the phase angle be- 
tween the voltage across the load and the current 
through the load is zero. The phase angle of a 
system is related to the power factor. Those skilled 
in the art appreciate that impedance of any network 
which includes inductive or capacitive elements in 
addition to resistive elements is the vector sum of 
the real component he., the resistive elements, and 
the imaginary component caused by the presence 
of the inductive and capacitive elements. If the 
reactive component is zero, then the impedance of 
a system is purely resistive, and the. resultant vec- 
tor is coincident with the real axis. In such a 
circumstance, the phase angle is zero. Power fac- 
tor is a measure of the relative magnitudes of the 
reactive and real components in a load impedance. 
It is related to the relative magnitude of these two 
vector components. 

Power factor is also a measure of the efficiency 
of a system in delivering power to a load. Since 
only resistive components can actually dissipate 
power, the presence of an inductive or capacitive 
reactance component in a load impedance will de- 
crease the efficiency of power delivery of the sys- 
tem, since it causes increased power dissipation in 
the source resistance of the power supply. The 
reason for this is well understood by those skilled 
in the art and will not be detailed here. As a 
consequence of the foregoing reality, it has long 
been known by utility companies and other practi- 
tioners of the power delivery art that to maximize 
the efficiency of power delivery to a load, it is 
useful to tune out the reactive component of the 
load impedance by placing it in series or parallel 
with an equal and opposite sign reactive compo- 
nent in a tuning circuit so that the resultant load 
impedance is purely resistive. In such a circum- 
stance the source impedance is said to be the 
matched conjugate of the load impedance, and the 
power delivered to the load is maximized. 

Power delivered to a load is given by the 
following expression: 

(1) Power = VI cosG 



where V is the voltage drop across the load imped- 
ance, and I is the series current flowing through the 
load impedance, and cosG is the power factor of 
the circuit The power factor is said to be "leading" 
5 if the current leads the voltage, and "lagging" if the 
current lags the voltage. 

Ultrasonic probes have traditionally been used 
for phacoemulsification for rupturing of cataracts in 
the eye coupled with aspiration of the pieces of 
70 tissue disrupted by the probe. There have been 
developed two classes of probes, one of which is 
excited by piezoelectric crystals. Such piezoelec- 
tric probes traditionally have been rods of metal, 
such as titanium, having piezoelectric crystals af- 
75 fixed therein to act as excitation sources to cause 
the rods to vibrate. The piezoelectric crystals are 
driven with electrical alternating current driving sig- 
nals having high frequencies, such as 40,000 Hz. 
The length of the probe is such that it is a multiple 
20 of one-half the wavelength of the driving signal. 
Vibration of the piezoelectric crystal under the influ- 
ence of the driving signal causes the rod to vibrate 
at its mechanical resonant frequency. 

The piezoelectric crystals which are used as 
25 excitation sources in such probes, when coupled 
with the mass of the probe rod, can be modeled as 
an equivalent electrical cirpuit having inductive, ca- 
pacitive, and resistive components. There is a ca- 
pacitive component representing the elasticity of 
30 the metal of the rod and and inductive component 
representing the mass of the probe. There is also a 
resistive component representing resistance to mo- 
tion of the tip of the rod as it hits loads such as 
tissue or fluids in the eye which tend to dampen 
35 the vibration of the tip of the probe. The piezoelec- 
tric crystal itself contributes a resistive component 
which is related to the amount of leakage of current 
between the terminals of the crystal. The crystal 
also has a capacitive component which represents 
40 the intrinsic electrical characteristics of piezoelec- 
tric crystals, i.e., the thickness and the dielectric 
constant and the area. 

As the temperature changes, and as load on 
the probe changes, the various resistive and reac- 
45 tive components in the equivalent circuit of the 
probe change values. These changes in the com- 
ponent values change the mechanical resonant fre- 
quency of the probe. Unless the driving frequency 
is changed to correspond with the changed reso- 
50 nant frequencies, maximum power-transfer efficien- 
cy will not be achieved. 

Further, those skilled in the art understand that 
maximum power transfer between a source and a 
load occurs when the impedances of the source 
and the load are matched so that the load appears 
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to be purely resistive. Therefore, in the case of an 
ultrasonic probe if the probe load impedance at the 
resonance frequency has a capacitive reactive 
component, the source impedance should have an 
inductive reactive component of equal magnitude 
to maximize power transfer between the source 
and the load. Because of the changing magnitudes 
of the resistive and reactive components of the 
combined mechanical and electrical system of a 
phacoemulsification probe, as the power level 
changes and as the temperature and load con-, 
ditions of the probe change, it is difficult, if not 
impossible with a fixed inductor, to match the 
source impedance to the load impedance to cancel 
out the probe's reactive component over a broad 
range of power levels and frequency variations. An 
advantage of such a matched, tuned system is that 
low voltage components may be used since the 
impedance seen by the source voltage generator is 
minimized (looking into a two-port network includ- 
ing the tuning inductor). 

Accordingly, there has arisen a need for a 
phacoemulsification probe driver which can be 
tuned such that the reactive component of the load 
is cancelled as conditions such as power level, 
temperature, and loading change. Further, there 
has arisen a need for a probe driver circuit which 
can alter the driving frequency to match the 
changed mechanical resonant frequency as power 
level, temperature, and loading conditions change 
or as new probes are attached to the system. 
Further, a need has arisen for a phacoemulsifica- 
tion probe driver with proportional power control 
such that the user may set a desired power level 
and that level of power will be transmitted to the 
probe. 



Summary of the Invention 

According to the teachings of the invention, 
there is disclosed herein a method and apparatus 
for providing substantially proportional power con- 
trol for a phacoemulsification probe. There is also 
disclosed an apparatus and method for providing 
constant tuning of the source impedance reactive 
component for the driver of a phacoemulsification 
pfobe driver to maximize the efficiency of power 
transfer from the driver to the probe by cancelling 
the reactive component of the equivalent circuit of 
the phacoemulsification probe. There is also dis- 
closed an apparatus and method for tuning the 
phacoemulsification probe driver frequency to sub- 
stantially m&tch the changing mechanical resonant 
frequency of the probe as power level, tempera- 
ture, and loading conditions change or as different 
probes are attached to the system. 

In one embodiment the linear power control 



apparatus includes a microprocessor which is 
coupled through a serial interface to a foot pedal 
control manipulated by the user to set the desired 
level of power. The microprocessor is also coupled 

5 to a maximum power level control on the front 
panel, which is also manipulated by the user to 
establish the 100% power level. The microproces- 
sor reads the foot pedal position and the position of 
the maximum power level control on the front panel 

io and scales the signal from the foot pedal to deter- 
mine the desired power level as a percentage of 
the maximum level set by the user at the front 
panel. The microprocessor then generates a digital 
gain number and sends it to a programmable gain 

75 linear power amplifier. This amplifier is also coup- 
led to a driving signal frequency generator in the 
form of a voltage controlled oscillator. The prog- 
rammable linear power amplifier amplifies the driv- 
ing signal by the gain level established by the 

20 digital input from the microprocessor. This prog- 
rammable amplifier can be combined with the volt- 
age controlled oscillator in some embodiments 
since commercially available VCO's with linear gain 
exist. The output of the linear programmable am- 

25 plifier is then amplified by another power amplifier 
operating in class AB. The output of this amplifier 
is applied to a voltage step-up transformer which 
has its secondary coupled through a tuning induc- 
tor to the piezoelectric crystal or crystals which 

30 excite the phacoemulsification probe. 

The tuning inductor is the means by which tin* 
source impedance of the probe driver circuKty may 
be adjusted so that the driver circuitry source im- 
pedance is maintained so as to cancel th# reactive 

35 component of the load impedance presented by 
the crystal and the mechanical system of the 
probe. The tuning inductor, in the preferred em- 
bodiment is comprised of a ferromagnetic core 
with three arms extending therefrom. Two of these 

40 arms have the AC driving signal coils wrapped 
around them. The AC driving signal then sets up a 
magnetic flux through the core, part of which 
passes through the third arm. The third arm has 
wrapped thereabout a magnetic flux modulating 

45 coil which has a DC current flowing therein at an 
amplitude controlled by the microprocessor. The 
purpose of the tuning inductor is to allow the 
microprocessor to control the amount of inductance 
which is in series with the load impedance such 

so that the source impedance may be tuned to cancel 
the reactive component of the load impedance for 
all load, temperature, and power level conditions. 
Any tunable inductor which can be used to cancel 
the capactive reactance of the load will suffice for 

55 purposes of practicing the invention. 

In order to control the reactive component of 
the source impedance, the microp'rocessor needs 
to sense the power factor or phase angle between 
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the phasor representing the current waveform for 
current flowing through the piezoelectric crystal 
load and the waveform representing the driving 
voltage across the piezoelectric crystal load. A 
phase detector is used for this purpose. It has one 
input which samples the voltage waveform for the 
driving voltage across the crystal and it has another 
input which samples the current waveform for the 
driving current through the crystal. This current 
waveform sampling is taken from a tap on the 
primary side of the voltage step-up transformer. 
This transformer has incorporated in the return side 
thereof a current sensing resistor in one embodi- 
ment. The voltage drop across this resistor is pro- 
portional to and in phase with current ffowing 
through the primary of the step up transformer. It is 
the phase angle between the current flowing in the 
primary and the voltage across the primary which 
is tuned by the system to be zero or some other 
user defined acceptable phase angle so as to can- 
cel the reactance component of the load. Any other 
means of sensing the phase of the load current will 
also suffice for purposes of practicing the invention. 
For example, a current probe or current sense 
transformer could be used. 

The phase detector generates two pulse-width 
modulated digital signals which represent the mag- 
nitude of the phase and its sign. These pulse-width 
modulated signals are summed and integrated to 
generate an analog signal representing the mag- 
nitude of the phase angle error. This analog signal 
* is converted by an A/D converter to a digital num- 
ber representing the phase angle error. Any phase 
angle other than zero represents an out-of-tune 
condition where the reactance of the probe imped- 
ance is not cancelled. When the phase angle is 
nonzero (or whatever acceptable phase angle the 
user sets in some embodiments), the microproces- 
sor senses this fact and alters the DC current 
flowing through the magnetic flux modulating coil in 
the tuning inductor. This alters the amount of mag- 
netic flux in the core passing through the AC driv- 
ing coils of the tuning inductor, thereby altering the 
inductance thereof. This process is continued with 
small changes to the drive current of the D.C. coil 
until the reactive component of the probe imped- 
ance is cancelled and the source drive impedance 
is a matched conjugate of the probe impedance. 

The preferred embodiment of the invention is 
functionally equivalent to the embodiment de- 
scribed above except that certain details are 
changed. The preferred embodiment does not use 
a current sense resistor. Instead, a current sense 
transformer is used. Further, two comparators are 
used between the inputs of the phase detector and 
the two phase signal inputs. Each comparator com- 
pares the driving signal amplitudes, to zero and 
generates a series of state changes at the outputs. 



The time difference between these state changes 
is used by the phase detector to determine the 
phase angle. These state changes are also mon- 
itored by the microprocessor to determine whether 

5 a ground fault exists indicating that there is some- 
thing wrong with the probe driving circuitry. The 
preferred embodiment also uses one of the legs of 
the driving transformer core as the A.C. driving coil * 
support and uses the other two legs for supports 

70 for two halves of the D.C. tuning coil. The preferred 

embodiment also does not use a linear program- f 
mable amplifier. Instead, it uses a digital to analog 
converter and an amplitude modulation control in- 
put on the voltage controlled oscillator. In this way, 

is the user's power demands transmitted to the 
microprocessor from the foot pedal are converted 
by the microprocessor into a digital desired power 
number. These numbers are converted to analog 
signals levels by the digital to analog converter and 

20 coupled to the amplitude modulation control input 
of the voltage controlled oscillator to modulate the 
amplitude of the VCO output in accordance with 
the desired power. 

The reason the voltage controlled oscillator is 

25 used is to allow the driving frequency to be altered 
for changing conditions and changing probes so 
that the driving frequency substantially matches the 
mechanical resonance frequency of the probe. The 
reason the tuning inductor is needed in the probe 

30 driving circuit is as follows. The piezoelectric 
crystal/mechanical system of the probe at reso- 
nance has a load impedance which has a capacn 
tive reactance component The inductance of . the 
tuning inductor, which is in series with the load 

35 impedance, is altered by the microprocessor to be 
equal to and opposite in character to the capacitive 
reactance represented by the probe. When the 
driving frequency matches the mechanical frequen- 
cy of the probe and when the inductive reactance 

40 of the source impedance matches the capacitive 
reactance of the probe, the phase angle will be 
zero and maximum power transfer efficiency will 
have been achieved for the given ratios of the real 
components of the source and load impedances. 

45 The microprocessor alters the current flowing 

through the magnetic flux modulating coil, i.e., the * - 
D.C. coil, to substantially tune away the phase 
angle. This is done in one embodiment by generat- 
ing a digital number or series of digital numbers On * 

so incremental change embodiments) representing the 
amount of change desired and sending this number 
or numbers to a D/A converter. This converter 
converts the digital number(s) to an analog current 
which is then driven through a current driver 

55 through the D.C. magnetic flux modulating coil. 

The source impedance tuning aspects of the 
invention are utilized for the linear power control 
apparatus also in some embodiments. This source 
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impedance tuning apparatus is also useful even in 
systems wherein the power level is fixed. That is, 
the microprocessor constantly monitors the phase 
angle, and when changes in temperature or loading 
conditions cause alteration of the load impedance, 
a phase angle will ansa. This phase angle is 
sensed by the microprocessor, which then alters 
the level of current flowing through the magnetic 
flux modulating coil and the tuning inductor to 
reduce the phase angle toward zero or the value 
set by the user once again. In this way the source 
impedance is maintained continuously so as to 
cancel the reactive component of the load at the 
mechanical resonance frequency, thereby insuring 
maximum power transfer efficiency at all times. 

In both the linear power control and the source 
impedance tuning apparatus, the CPU uses one or 
more look-up tables for storing data describing the 
necessary flux modulating coil bias current for par- 
ticular conditions of power level and temperature in 
some embodiments. In some embodiments, the 
temperature of the probe may be assumed by 
keeping track of the amount of power transmitted 
to the probe and the amount of time during which 
this power dissipation level is maintained in the 
probe. In some embodiments power level, elapsed 
time, or phase angle may be the criteria upon 
which tuning of the tuning inductor is based. In 
other embodiments, a temperature feedback signal 
may be present to provide positive indication of the 
probe temperature to the microprocessor. Each 
look-up table has data for the proper bias level to 
use for each possible condition of temperature, 
power level, phase angle, elapsed time, or some 
combination of these data. These items of data are 
used to generate an address to access the proper 
bias level from the look-up table. The data acces- 
sed at each address represents the experimentally 
determined amount of current that should be driven 
through the magnetic flux modulating coil for the 
then existing conditions to have the source imped- 
ance of the driver tuned to cancel the reactive 
component of the load impedance for the probe at 
its mechanical resonance frequency. The micropro- 
cessor then takes the data emerging from the look- 
up table and sends it to the D/A converter for 
conversion into the proper level of bias for the 
magnetic flux modulating coil. In some embodi- 
ments, this first level approximation of a tuned 
condition will be adequate. In other embodiments, 
the first level approximation of a tuned condition 
will then be further fine tuned by actual measure- 
ment of the phase angle and further adjustment of 
the bias level for the magnetic flux modulating coil 
to cause the phase angle to reach zero or the user- 
defined acceptable value. The manner in which the 
phase angle is adjusted and the bias level of the 
magnetic flux modulating coil is changed is de- 



scribed above. 

In the preferred embodiment, look up tables 
are not used. Instead, a sweeper software routine 
sweeps the driving frequency through a range of 

5 frequencies known to include all possible mechani- 
cal resonant frequencies of commercially useable 
phacoemulsification probes. During this sweep, the 
probe drive current is monitored and compared to 
the highest probe driver current to that point in 

to time. If the current frequency of the driving signal 
results in a probe drive current which is greater 
than the current highest probe driver current the 
current probe driver current is replaced with the 
new highest probe driver current value. This pro- 

75 cess is continued until the entire range of fre- 
quencies has been surveyed. The frequency cor- 
responding to the highest probe driver current is 
then set into the VCO by sending a signal to the 
frequency modulation input of the VCO causing it 

20 to generate a probe driving signal having the cor- 
responding frequency. After the proper driving fre- 
quency is determined, a software routine to tune 
away the phase angle as much as possible is 
performed. This routine determines the phase an- 

25 gle difference between a constant reference phase 
angle representing the desired phase angle dif- 
ference and the actual phase angle. The difference, 
is then divided by two and used to adjust the D.C. 
coil bias drive. This process of successive approxi- 

30 mation is then continued until the phase amflift 
difference falls within an acceptable range. 

Tuning the drive frequency of the prdfet 
to match the resonant frequency of the prcsfc* IS 
conditions change is an important aspect of th* 

55 teachings of the invention. When the ambient tttfi- 
perature changes or when extended use and power 
dissipation in the probe occurs, the temperature of 
the probe can change unless some mechanism is 
in place to stabilize the probe temperature. When 

40 the temperature of the probe changes, the mag- 
nitude of the various reactive components in the 
equivalent circuit representing the piezoelectric 
crystal and mechanical system change also. This 
has the effect of changing the resonant frequency 

45 of the probe system. The changes in the mag- 
nitudes of the reactive components are reflected in 
a changed phase angle or power factor also be- 
cause of the fact that the magnitude of the reac- 
tance component of the overall impedance 

so changes, thereby changing the angle of the resul- 
tant impedance vector with the real component 
Further, as the probe encounters liquids in the eye 
or tissue, the mechanical loading on the probe tip 
changes, and this changes the value of the resis- 

55 tive or real component in the impedance load vec- 
tor. These changes in the real component result in 
a changed phase angle, since load changes" alter 
the vector sum and therefore alter the angle of the 
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resultant impedance vector with the real compo- 
nent and they can also change the resonance 
frequency. These changes in the resonant frequen- 
cy of the probe system will result in less efficient 
power transfer unless the frequency of the driving 
waveform is altered to match the mechanical reso- 
nant frequency of the probe system. In some em- 
bodiments, the frequency of the driving waveform 
is altered by the microprocessor by use of one or 
more look-up tables containing experimentally de- 
termined data as to the resonant frequency at any 
particular probe temperature, phase angle, etc. In 
some embodiments, the microprocessor either 
senses the probe temperature using a temperature 
sensor or assumes the probe temperature, given a- 
measured amount of.pdwer dissipation in the probe 
for a measured amount of time. From this real or 
assumed temperature data (the technique also 
works for power level, phase angle, or both), an 
address into the look-up table is derived by the 
microprocessor, and the data at that location is 
accessed. This data is then used to generate a 
digital frequency control word. This frequency con- 
trol word is then converted to an analog signal via 
a D/A converter and applied to the control input of 
a voltage-controlled oscillator to alter the driving 
signal frequency to match the new mechanical 
resonant frequency. In the preferred embodiment, 
the driving frequency is changed by trial and error 
as described above. 

The methods of linear power control, imped- 
ance matching over wide ranges of conditions, and 
source frequency tuning to match the resonant 
frequency according to the teachings of the inven- 
tion may be understood from the above description 
of the functions of the apparatus that implements 
these processes. 

The teachings of the invention can be better 
understood by reference to the following drawings. 



Brief Description of the Drawings 

Figure 1 is a block diagram of one embodi- 
ment of the invention which implements all teach- 
ings of the invention. 

Figure 2 is the simplified equivalent circuit 
model used to explain the operation of the probe 
and tuning inductor system. 

Figures 3A and 3B are two expressions of 
the mathematical relationships needed to explain 
the functioning of the system. 

Figure 4 is the simplified equivalent circuit of 
the probe at the mechanical resonant frequency. 

Figure 5 is a flow diagram of the main loop 
of the control program that controls operations of 
one embodiment of the invention. 



Figures 6A-6C are a flow diagram of the 
interrupt service routines of the control program of 
one embodiment of the invention. 

Figure 7 is a flow chart representing further 
5 detail on the portion of the interrupt service routine 
that alters the VCO frequency to track changes in 
the mechanical resonant frequency of the probe in 
one embodiment of the invention. 

Figure 8 is another embodiment of the VCO 
io frequency tuning process according to an alter- 
native embodiment of the invention. 

Figures 9 and 10 are alternative ways of 
performing step 230 in Figure 8. 

Figure 11 is a flow chart for a process for 
75 tuning the inductance of the tuning inductor L T to 
cancel the reactance component of the load in one 
embodiment of the invention. 

Figures 12, 13, and 14 are alternative ways 
of performing step 240 in Figure 1 1 . 
20 Figures 15, 16, and 17 are alternative ways 

of performing step 250 in Figure 11. 

Figure 18 is representative of a class of fixed 
frequency, proportional power embodiments with a 
tuned driving inductance to minimize the phase 
25 angle. 

Figure 19 is representative of a class of fixed 
power, fixed frequency tuned inductance embodi- 
ments. 

Figure 20 is a block diagram of an analog 
30 embodiment of a subsystem to tune the VCO fre- 
quency to the mechanical resonance frequency 
using the phase angle as a criteria. 

Figures 21 A and 21 B together comprise a 
more detailed schematic diagram of the analog 
35 embodiment of Figure 20. 

Figure 22 is a curve showing the shape of 
the characteristic curve for the impedance of the 
probe at different frequencies surrounding the me- 
chanical resonance frequency. 
40 Figure 23 is a curve showing the relationship 

of the phase angle to frequency for the phase 
between the voltage across the probe crystals and 
the current through the probe crystals for a given 
set of conditions* ■ 
45 Figure 24 is a flow chart for a method of 

using the shape of the characteristic curve for 
probe impedance to find the mechanical resonance 
frequency and to tune the tuning inductor for zero 
phase angle. 

so Figure 25 is a block diagram of the hardware 

of the preferred embodiment of the invention. 

Figure 26 is a flow chart of the software of 
the main loop of the control program of the inven- 
tion. 

55 Figure 27 is a flow chart of the frequency 

sweeper subroutine called upon by the main loop 
to determine the drive frequency which maximizes 
the drive current for the probe 22. 
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Figure 28 is a flow chart of the phase angle 
minimization subroutine called upon by the main 
loop to tune the tuning inductor to change the 
inductive reactance of the source impedance to 
match the capacttive reactance of the probe as 5 
close as possible. 

Detailed Description of the Preferred Embodiment 

10 

Referring to Figure 1, there is shown a block 
diagram of one embodiment of the invention which 
implements all three aspects of the teachings of 
the invention. A microprocessor 20 is at the heart 
of the system. In one embodiment the micropro- is 
cessor 20 is part of an off-the-shelf Micro/Sys 
B8010 CPU card. The microprocessor 20 controls 
all the functions which the system performs. Ac- 
cording to the teachings of the invention, three 
separate and independent function are performed, 20 
all of which can be used independently of the other 
functions and all of which have utility in 
phacoemulsification probe driver systems. The best 
performance, however, results from use of all three 
aspects of the invention in combination. The pur : 25 
pose and function of the various components of the 
system will be explained in the course of explain- 
ing each function that the system performs so that 
the cooperation of each individual element with the 
other elements in order to accomplish the function ,30 
will be clear. 

It is useful in phacoemulsification probe driver 
systems to have a substantially linear control over 
the amount of power dissipated in the probe. In 
Figure 1. the probe 22 is a metal rod having a 35 
conical mechanical amplifier section 24 and a pro- 
jecting nosepiece 26 in the form of a small diam- 
eter tube on the mechanical amplifier 24. Embed- 
ded in or otherwise mechanically attached to the 
metal of the probe 22 are a pair of piezoelectric 40 
crystals, 28 and 30. The purpose of the crystals 28 
and 30 is to excite the metal of the probe 22 to 
vibrate at its mechanical resonance frequency as 
the crystals vibrate in response to electrical driving 
signals on the lines 32 and 34. Together the piezo- 45 
electric crystals 28 and 30 and the mechanical 
system of the probe 22 can be modeled by the 
equivalent circuit shown in Figure 2. These two 
resistive components R p and R<, represent, respec- 
tively, the leakage between lines 32 and 34 of the 50 
crystals 28 and 30 and the resistance of the me- 
chanical load, e.g., cataract or water or other tissue, 
touching the tip of the projecting nosepiece 26 to 
movement of the projecting nosepiece 26. The 
value of R3 changes drastically when the nosepiece 55 
26 comes into contact with liquid such as water or 
other fluids in the eye versus free vibration in air. 
Computer simulations of the crystal/mechanical 



system show that R« can increase drastically with 
changing conditions. 

As power is dissipated in the crystals, the 
temperature of the probe 22 can increase if suffi- 
cient mounts of power are dissipated over time. 
Normally the probe 22 has a fluid passageway 
through the nosepiece 26 to which a vacuum is 
applied such that tissue and eye fluids which the 
nosepiece comes into contact with may be as- 
pirated through the nosepiece and into a collection 
cassette. This causes some cooling of the probe, 
so the temperature rise of the probe depends upon 
the thermal equilibrium between heat flowing into 
the probe by virtue of power dissipation in the 
crystal versus heat being taken out of the probe by 
virtue of cooler fluids being aspirated through the 
fluid channel (not shown) in the nosepiece 26. 

As can be seen from the equivalent circuit for 
the crystal/mechanical probe system, the series 
network of capacitance and inductance represent- 
ing the mechanical aspects of the probe will have a 
mechanical resonant frequency. Generally speak- 
ing, when the crystals 28 and 30 are driven with a 
frequency so as to vibrate at the mechanical reso- 
nant frequency, the series capacitance and induc- 
tance representing the mechanical aspects of the 
system will cancel each other out and disappear 
from the equivalent circuit representing the overafl 
probe load impedance. This leaves an equivalent 
circuit which is dominated by the capao$f!l&t Of' . 
the piezoelectric crystals as shown by l4gu* 4. 
Thus, the load impedance has a capacftlv* reac- 
tance component In order to get maximum effi- 
ciency of power transfer, this capacttive component 
of the load impedance must be cancelled out by an 
equal and opposite inductive impedance in series 
with it. This is accomplished by use of a tuning 
inductor 36 having an inductance L T . The tuning 
inductance consists of a ferromagnetic core having 
three legs labeled A, B, and C. Legs A and C have 
wound thereabout A.C. driving signal coils which 
are connected in series. The purpose of these coils 
is to provide an inductance in series with the load 
impedance of the probe to help cancel the capaci- 
tive reactance of the load impedance at the me- 
chanical resonant frequency. To that end, the A.C. 
driving signal colls, which will hereafter be referred 
to as coils A and C, establish paths of magnetic 
flux which pass through the ferromagnetic material 
of legs A and C, out into the air and then back into 
the core through the leg B. 

The leg B has wound thereabout a D.C. flux 
modulation coil. When D.C. is passed through this 
coil, the amount erf magnetic flux in the ferromag- 
netic coil is altered. When the amount of flux in the 
core is altered, the inductance of the inductor 
changes. Thus, by controlling the magnitude of 
current flowing through the coil 44 wrapped around 
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leg B (hereafter referred to as the flux modulation 
coil) the inductance .of the tuning inductor may be 
changed. 

The flux modulation coil 44 is coupled to the 
output of a voltage-to-current amplifier 38. This 
amplifier receives a voltage input signal from a D/A 
converter 40. The purpose of the voltage-to-current 
amplifier 38 is to convert the voltage on the line 42 
from the D/A converter to a corresponding mag- 
nitude of D.C. bias current flowing through the flux 
modulation coil 44. 

The D/A converter 40 receives as its input a 
phase angle adjust digital word on the bus 46 from 
the microprocessor. This phase angle adjust word 
is generated by the microprocessor 20 in response 
to several input data items. One of these data 
items is the phase angle error word on the bus 48. 
This phase angle error data represents the phase 
angle between the phasor representing the driving 
voltage waveform applied across the crystal load 
and the phasor representing the current waveform 
for load current flowing through the crystal. This 
phase angle error information is developed in part 
by a phase detector 50. The output of the phase 
detector is coupled to a summer and integrator 52, 
which has its output in turn coupled to an A/D 
converter 54. 

To understand how the phase angle error ad- 
just signal is generated on bus 48, the rest of the 
driving circuitry will be explained as a preliminary 
matter. The function of the driving circuitry is to 
drive the crystals 28 and 30 with an A.C. driving 
waveform which causes the crystals to vibrate at 
the mechanical resonance frequency of the probe 
22. Obviously, the first step in this process is to 
generate a driving signal having a frequency which 
is equal to the mechanical resonance frequency of 
the probe 22. This is done, in one embodiment by 
a voltage control oscillator 56. However, in some 
embodiments, the voltage control oscillator 56 
could be a fixed frequency oscillator set at the 
mechanical resonant frequency for the probe for a 
temperature at which the probe operates most of 
the time. Such an embodiment is illustrated in 
Figures 18 and 19, where the Figure 18 embodi- 
ment has proportional power control and the Figure 
19 embodiment has a fixed power level. As will be 
seen from discussions below, this is not an opti- 
mum situation but is acceptable under some cir- 
cumstances. 

The output of the oscillator on line 58 in Figure 
1 is applied to the input of a linear programmable 
amplifier 60. The purpose of this amplifier is to 
amplify the signal on the bus 58 by a gain value 
established by a signal on a bus 62. In one em- 
bodiment utilizing proportional power control, the 
data bits on the bus 62 represent the desired gain 
as set by the user. 



In one embodiment, the user establishes the 
desired gain level by manipulation of two controls. 
The first control is the maximum power control 64 
on the front panel 66. With the control 64, the user 
5 establishes the maximum power level desired. The 
microprocessor 20 reads this maximum power level 
through an I/O circuit 68 of conventional design. In 
one embodiment, the I/O circuit 68 is an SB8466 
board manufactured by* Micro/Sys of Glendale, 
to California. Any conventional method and apparatus 
for performing the I/O transactions between the 
microprocessor and the front panel 66 will suffice 
for purposes of the invention. 

The other user-operable control with which the 
T5 desired power level is set is a foot pedal 68. This 
control allows the user to establish the desired 
power ieveJ as a percentage of the maximum pow- 
er set by the control 64 by depressing a pedal with 
his foot. The depression of the foot pedal operates 
20 a transducer which may be read by the micropro- 
cessor 20 through an RS232 interface circuit 70 of 
conventional design. In one embodiment, the foot 
pedal is actually attached to a surgical instrument 
called the MVS-XIV or MVS-XX manufactured by 
25 Alcon Surgical, MID Labs, San Leandro, California. 
The MVS-XIV reads the foot pedal position and 
sends that information to the microprocessor 20 via 
the RS232 interface connecting the driver system 
of Figure 1 to the MVS-XIV. However, this 
30 "middleman" architecture is not critical to the in- 
vention, and a direct connection between the 
microprocessor 20 and a foot pedal 68 with con- 
ventional interface circuitry may also be used. With 
the MVS-XIV present, however, the aspiration vacu- 
us um is generated to support the operation being 
performed with the probe. This vacuum is coupled 
by a vacuum line (not shown) to the probe 22. 

The microprocessor 20 performs a scaling op- 
eration in the main software loop to be described 
40 below using data from the foot pedal 68 and from 
the maximum power control 64. The data from the 
foot pedal 68 is a number representing the per- 
centage of full-scale deflection of the foot pedal. 
The data from the maximum power control 64 
45 indicates the desired full power level set by the 
user for 100% deflection of the foot pedal. The 
microprocessor 20 simply combines these two 
numbers to determined the percentage of full-scale 
power currently desired by the user. This number 
so is then output on the bus 62 to the linear program- 
mable amplifier 60. This amplifier amplifies the 
driving signal on the line 58 and outputs it at the 
desired amplitude level on a line 72. In the fixed 
power embodiments such as is shown in Figure 19, 
55 the digital word on bus 62 will be fixed, or, in some 
embodiments, will be one of a selected number of 
possible gain level steps available to the user. 
The driving signal on line 72 ms generally a 
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sinusoid having an RMS voltage level related to the 
desired power dissipation. This signal is applied to 
the input of a power operational amplifier 74 for 
amplification in a class AB mode; 

The output of the amplifier 74 is applied to the 
primary of a voltage sfcep-up transformer 78. A 
current-sensing resistor 78 is in series with the 
return line from the primary of the transformer to 
the operational amplifier 74. The secondary of the 
transformer 76 is coupled to the line 34 and a line 
80. The line 80 is coupled to one end of the coil C 
on the tuning inductor. The other terminal of coil C 
is coupled to one terminal of coil A. The other 
terminal of coil A is coupled via a line 32 to one 
terminal of the crystals 28 and 30 (which are coup- 
led in series). The line 34 is coupled to the return 
side of the piezoelectric crystal 30. Thus the cur- 
rent flowing in the secondary of the step-up trans- 
former 76 is the series current flowing through the 
crystals 28 and 30 of the probe 22. Note that this 
current also flows through the tuning inductor coils 
A and C. 

Since the voltage waveform on line 72 is in 
phase with the voltage waveform across the pri- 
mary of the step up transformer, the phase detec- 
tor 50 can sample the voltage on the line 72 with 
the assurance that the waveform on the line 72 is 
in phase with the voltage across the step up trans-' 
former. To determine the relative efficiency of pow- 
er transfer from the driver to the probe, the phase 
angle between the voltage across the step up 
transformer primary and the current through the 
primary must be determined. The phase detector 
does this by comparing the phase of the voltage 
waveform on the line 72 to the phase of the current 
flowing in the primary of the step-up transformer 
76, as determined by the voltage drop across the 
current-sensing resistor 78. The phase detector 50 
is a conventional Motorola integrated circuit or any 
equivalent which is commercially available. 

The magnitude of the phase angle error is 
indicated by the width of the pulses on lines 84 
and 86. The purpose of the integrator 52 is to 
average out the pulses over time so that the sys- 
tem has a smooth D.C. response to changes in the 
phase angle. The A/D converter 54 converts the 
analog phase angle error signal to a digital phase 
angle error word on bus 48. 

The microprocessor 20 perform the linear pow- 
er control, impedance-matching, and frequency- 
tuning functions of the invention by running a pro- 
gram stored in local RAM 90. This memory also 
includes ROM for storage of look-up tables and 
other information which does not change over the 
life of the system. 

Referring to Figure 3, equation (A), there is 
shown the expression which defines the relation- 
ships which exist when the piezoelectric crystals 



are being driven at the resonant frequency of the 
mechanical system (equation A). Equation B in 
Figure 3 defines the value of the tuning inductance 
when it is in the tuned condition when the crystals 
5 are being driven at the resonant frequency of the 
mechanical system. Equation A represents the ex- 
pression for the resonant frequency of the me- 
chanical probe system for any particular tempera- 
ture. 

to In Figure 2, the mechanical system is repre- 
sented by the components in the equivalent circuit, 
labeled Rs , C s , and L§. The value of the compo- 
nent R s represents the mechanical load engaged 
by the tip of the probe. The component C s repre- 
ss sents the elasticity of the metal in the probe. The 
component L s represents the mass of the probe. 
The value of the components Cs change with 
changing temperature. The temperature may 
change either because the ambient temperature 

20 changes or because of power dissipated in the 
probe through excitation of the crystals. The value 
of the component R s changes greatly with the 
loading of the probe. 

The other components of the crystal/probe sys- 

25 tern equivalent circuit are C P and Rp. The compo- 
nent C P represents the parallel electrical capaci- 
tance of the crystals 28 and 30 in Figure 1. The 
component R P represents the leakage of electnetl 
current between the terminals of the crystal*, i.*., 

30 the current leakage from line 32 to One 34 

At the mechanical resonance frequency, the 
reactive component represented by C* $§ C$) to 
exactly equal to and opposite in wgn to thft Mo- 
tive component U (1/jw U). Sines tM4P too rate- 

35 tive components cancel each other out ill tfepv- 
alent circuit for the crystal/probe system i* m 
shown in Figure 4. As can be seen from Figure 4. 
the equivalent circuit has a substantial capacitive 
reactance of the crystals 28 and 30. Thus the load 

40 impedance has a real component represented by 
the value of the resistors R s and Rpin parallel, and 
a reactive component of a capacitive nature repre- 
sented by the capacitance C P . According to the 
teachings of the invention, maximum power effi- 

45 ciency will be achieved by tuning the tuning induc- 
tor Lt so as to cancel out the reactive component 
and the load impedance represented by Cp. When 
the crystals 28 and 30 are driven at the resonant 
frequency of the mechanical system for any par- 

so ticular temperature, the necessary value for the 
tuning inductance is given by equation B in Figure 
3. 

As can be seen from equation B, the value for 
the tuning inductance is highly dependent on the 
55 value for the resistive components R s and R P and 
upon the value of the parallel electrical capacitance 
of the crystals 28 and 30. This means that the 
necessary value for the tuning inductance to keep 
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the probe system in proper tune will change with 
changing temperature, changing loading conditions, 
and changes in the level of power dissipated in the 
*probe by the driving system. The reason for this is 
;that either changes in ambient temperature or pow- 
ver dissipation in the probe raises the temperature 
*of the probe and therefore affects the elasticity of 
the material. This changes the value of the compo- 
nent C s in the equivalent circuit of Figure 2 and 
therefore changes the mechanical resonant fre- 
quency as defined by equation A of Figure 3. 
Changing loading conditions also change the me- 
chanical resonant frequency because, in addition to 
changing the value of R s in Figure 2, changing load 
aJso affects the value of Ls because the load be- 
comes an effective part of the mass of the system. 
This also changes the value of the mechanical 
resonant frequency defined by equation A by Fig- 
ure 3. 

The teachings of the invention regarding tuning 
out the capacitive reactance of the crystal/probe 
system, when operating at its resonance frequency, 
may be implemented in at least two ways. One 
way is a coarse-tuning-only process, and the other 
way is a coarse-tuning process followed by a fine- 
tuning process. In one embodiment, the value of Lr 
is adjusted to the level defined by equation B in 
Figure 3 using a two-step process. The first step in 
this process is a coarse-tuning process where the 
phase angle error word on line 48 is used to. 
generate an address into a look-up table. This look- 
up table will have stored therein experimentally 
determined values for the phase angle which result 
from various power levels. The overall effect of 
changes in the equivalent circuit component values 
with changing power levels is to alter the mag- 
nitude of the overall load impedance and its phase 
angle relative to its real component. The reactive 
component of the load impedance also changes, 
thereby destroying the reactive component cancel- 
ling match with the source impedance- This alter- 
ation in the match of the two impedances changes 
the phase angle. Unless L T is changed in response 
to these changes, the probe will be out of tune and 
maximum power transfer efficiency will not be 
maintained. 

The system of the invention uses the phase 
angle change resulting from the above-noted 
changes as an index into a look-up table from 
which data is obtained which defines the necessary 
magnitude of the tuning inductor for that phase 
angle condition to keep the system tuned for maxi- 
mum performance. The look-up table contains ex- 
perimentally determined data which defines the 
optimal magnitude for the inductance of the tuning 
inductor for a given phase angle, or power level, or 
temperature, or some combination of the three. 
Although in some embodiments the look-up table 



adjustment alone may be sufficient, in one embodi- 
ment, a further adjustment is made to fine tune the 
inductance of the tuning inductor to bring the 
phase angle to zero or some other predetermined 

5 acceptable level of phase angle error. The second 
stage in this process of tuning the tuning inductor 
involves incrementing the D.C. bias level of the flux 
modulating coil and testing the phase angle. This 
process is continued until the phase angle reaches 

70 the predetermined acceptable angle. The user can 
set any acceptable level for the phase angle includ- 
ing zero. 

Referring to Figure 5, there is shown a flow 
chart for the main loop of the software run by 
75 microprocessor 20. The purpose of the main loop 
of the program is: to establish the mode in which 
the system is to operate; to monitor the functions 
of the system; to provide audio responses to the 
user's manipulation of various controls; to handle 
20 display data on the front panel; to communicate 
with any system coupled to the serial port; and to 
perform any necessary mathematical computations 
such as foot pedal position scaling. 

Main loop processing begins at power-up time 
25 in block 100. From there processing proceeds to 
block 102, where various system flags are initial- 
ized. These flags indicate the status of various 
: conditions in the system, such as error conditions 
and so on, for the various functions of the system. 
30 Processing then proceeds to block 104. In this 

block, the microprocessor reads the data from a 
buffer which contains I/O data from the function 
switches on the front panel. When the function 
switches are manipulated by the user, interrupts 
35 are generated which cause the function switches to 
be read by the microprocessor. Data obtained in 
this I/O operation is then stored in a buffer in the 
RAM 90 in Figure 1. Block 104 reads this portion of 
memory to obtain the data and determine which 
40 function the user desires. The user can select a 
fixed power mode where the maximum power set- 
ting on the front panel is sent to the probe 22 or a 
linear power control where the desired percentage 
of the maximum power is sent to the probe 22. 
45 Processing then flows to block 106. This block 

represents a test of the data obtained regarding the 
desired function. If the function data is zero, pro- 
cessing goes to block 108, where the machine 
idles waiting for something to happen. This idling 
so occurs by continuous looping to a test block 110, 
where the microprocessor reads the contents of the 
function mode buffer and determines if there has 
been a change in the desired function. If there has 
not been a change, processing flows to block 112, 
55 which is a call to the keyboard reading subroutine. 
. This subroutine addresses the function or mode 
keys on the front panel and reads the data describ- 
ing their current status. This data is then written 
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into the function mode buffer. Processing then re- 
turns to block 108. 

Returning to block 106, if the test of the data in 
the function mode buffer indicates that the desired 
mode is not equal to zero, processing proceeds to 
the test of block 114. The purpose of block 114 is 
to determine whether the function mode data is 
equal to 4 or greater. Such function modes would 
be illegal and are filtered out. This filtering is done 
by block 116 when the answer to the test of block 
114 is yes. In block 116, the data in the function 
mode buffer is cleared to zero, and processing 
proceeds to the idie block 108- 

If the test of block 114 indicates that the func- 
tion mode is not equal to 4 or a larger number, 
processing flows to block 118, where the function 
is executed. Function execution is simply a series 
of calls to subroutines which will be described 
when the interrupt service routines are described. 
Function execution also includes performing the 
scaling function on the foot pedal data. 

After said execution, processing flows to block 
120. Processing can also flow into block 120 from 
block 110 if the answer to the test of block 110 as 
to whether the function data has changed is yes. 
The purpose of block 120 is to write the new 
function mode data with the key number that was 
obtained by the keyboard routine when the front 
panel switches were read. Processing then pro- 
ceeds from block 120 back to block 102 where the 
loop is begun again. The microprocessor will con- 
tinue to loop through the processing of Figure 5 
until an interrupt occurs. 

Processing during interrupts is detailed in the 
flow chart of Figures 6A-6C and the flow chart of 
Figure 7. The interrupts are generated by a multi- 
channel programmable counter. This counter is 
programmed to generate the interrupt represented 
by block 130, 480 times per second, i.e.. 480 Hz. 
When this interrupt occurs, processing proceeds to 
block 132 where further interrupts are enabled. A 
prioritized interrupt scheme is used. Each time the 
480 Hz interrupt occurs, each of the three other 
channels of the counter are incremented. These 
channels are programmed to generate interrupt re- 
quests at different counts. Each of these interrupts 
has its own service routine. Processing then flows 
to block 134 where the microprocessor registers 
defining its current status are saved in RAM for 
later recall after the interrupt service routine is 
processed. Processing then proceeds to block 136, 
where a subroutine is called to read the buffer 
storing any serial data which has arrived via the 
RS232 interface 70 in Figure 1. The foot pedal 
position data comes in through this RS232 inter- 
face and wilf be accessed by the microprocessor 
20 and the subroutine represented by block 136. 

Processing proceeds from block 136 to block 



138, which increments the system clock. From 
there processing proceeds to block 140, which 
represents a subroutine to call the light-emitting 
diode driver hardware and cause the proper light- 
5 emitting diode for the current mode to be lit 

Processing then proceeds to block 142, where 
the 120 Hz interrupt counter channel is decremen- 
ted. There are three additional interrupt service 
routines which are performed less frequently than 
to the interrupt service routine started at block 130. 
One interrupt service routine is performed 120 
times per second. The remaining two service rou- 
tines are performed 60 times per second and 30 
times per second, respectively. They start at 
75 blocks 160 and 182, respectively. After decremen- 
ting the counter in block 142, the 120 Hz counter 
channel value is tested in block 144. The 120 Hz 
counter channel is a circular counter which will 
count down from a value of 120 by 1 every time 
20 block 142 is executed. Basically this occurs every 
fourth time the interrupt generated by block 130 
occurs. When step 144 finds the count has reached 
zero, processing proceeds to block 146. Otherwise 
processing proceeds to block 150. 
25 The block 146 represents the call to a commu- 
nications control subroutine. This subroutine serves 
the same function as a telephone operator does In 
operating a switchboard to coordinate communfee- 
tions over the serial communications port of the 
30 microprocessor 20. 

After block 146 is performed, processing flows 
to block 152 to call the hunter subroutine. The 
hunter subroutine tests a flag which give the status 
as to whether the probe is connected to the sys- 
35 tern, if the probe is not connected to the system, 
the hunter subroutine performs a sequence to at- 
tempt to reestablish the link. 

Processing then proceeds to block 154, where 
a routine to test the link to the phacoemulsification 
40 probe is performed. Processing then proceeds to 
block 156, which calls a subroutine call monitor. 
The routine monitors error conditions and is not 
critical to the invention. 

After the subroutine represented by block 156 
45 is performed, a 60 Hz counter is decremented by 
block 150. The purpose of this step is to count the 
number of times the. 480 Hz interrupt service rou- 
tine has been performed, and on every eighth 
repetition, to perform the interrupt service routine 
50 starting at block 160. After block 150 is performed, 
block 158 is performed to test the value of the 60 
Hz counter. If this counter value is zero, processing 
proceeds to block 160, which is a call to the bar 
graph subroutine. This subroutine addresses the 
55 bar graph display on the front panel and updates 
its status. This display is used to indicate the 
current power level. If the 60 Hz counter test of 
block 158 indicates the 60 Hz counter value is 
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zero, processing will proceed along path 161 to a 
block 163. Block 163 decrements a 30 Hz counter 
and marks a test for the beginning of the interrupt 
service routine which is performed 30 times per 
second. 5 * 

After block 160 is performed, the subroutine 
represented by block 162 is called. This subroutine 
calls the transmitter driver which sends data out 
the RS232 port to any systems which are con- 
nected thereto. Design of the system is modular, w 
such that the system may be used alone or in 
combination with an MVS-XIV system and other 
systems in a family of products related to ocular 
surgery. The transmit driver also determines the 
rate at which information is sent to any other sys- 75 
terns coupled to the RS232 port 

Next, the subroutine represented by block 164 
is called. This is a subroutine which handles the 
AID and D/A conversion processes needed to 
change the frequency, read the phase angle error, 20 
or tune the tuning inductor. In one function of the 
subroutine represented by block 164, the phase 
angle error word on bus 48 is read by the routine 
of block 164. This data is needed to do the modu- 
lating of the magnetic flux in the tuning inductor to 25 
keep the phase angle error at a predetermined 
value. 

After the phase angle error word on bus 48 has 
been read, the system is ready to make any nec- 
essary adjustments in the D.C. bias current flowing 30 
in the flux modulation coil. This process is per- 
formed in a subroutine represented by block 166. 
The subroutine represented by block 166 actually 
performs two separate and independent functions 
in one embodiment First it tunes the frequency 35 
generated by the voltage-controlled oscillator 56 in 
Figure 1 to change the frequency to correspond 
with the new resonant "frequency for the probe, 
based on the then existing power levels, phase 
angle, temperature, or other such criteria. The de- 40 
tails of how the frequency is adjusted are given in 
Figure 7. As will be seen from Figure 7, this is an 
iterative process. 

To change the frequency of the VCO 56, the 
microprocessor 20 generates a digital word on bus 45 
168 representing the desired amount of change. 
This word is then converted to an analog signal by 
D/A converter 170. This analog signal is output on 
line 172 to the VCO, where it causes the VCO 
frequency to be changed slightly from the fre- so 
quency established by the voltage reference signal 
on line 174. A precision voltage reference source 
176 generates the frequency controlling signal on 
line 174. The combination of the analog signals on 
line 172 and line 174 establish the new operating 55 
frequency for the VCO 56. 

The second thing thafthe subroutine of block 
166 performs is the function of tuning the induc- 



tance of the tuning inductor to cancel the capaci- 
tive reactance of the probe. The flow chart defining 
the process by which this is done is shown in 
Figure 8 and will be explained in more detail below. 

In other embodiments such as those with fixed 
frequency and/or fixed power such as the embodi- 
ments shown in Figures 18 and 19, the subroutine 
of block- 166 may only tune the tuning inductor. 

After the subroutine of block 166 is performed, 
the 30 Hz counter channel is decremented by a 
count in block 163. In block 180 a test is performed 
to determine If the 30 Hz counter is or is not equal 
to zero. If the counter output is not equal to zero, a 
path 181 is transitioned to block 183. The process 
represented by block 183 is that of restoring to the 
microprocessor registers the values that they had 
when the 480 Hz interrupt occurred and the regis- 
ter contents were saved in the process of block 
134. Processing may then resume from where it 
left off on the main loop. 

If the test of block 180 indicates that the 30 Hz 
counter has reached zero, then block 182 is per- 
formed. This block represents the first step in the 
interrupt service routine which is performed 30 
times per second. Block 182 is a call to the power 
control subroutine. This subroutine reads from 
memory or a buffer the power data which has been 
prepared for it by the function execution block 118 
in Figure 5 in the main loop. Part of the function of 
the execution block is to scale the data from the 
foot pedal to the maximum power level established 
at the front panel by the user. Therefore, if the 
maximum power dissipation level at the 100% foot 
pedal displacement position is to be 25 waits, and 
the foot pedal displacement is 10%, then the func- 
tion execution block takes the 25 watt maximum 
power and multiplies it by 10% to derive a desired 
power level of 2.5 watts. The power routine repre- 
sented by block 182 then determines whether or 
not the power level has to be changed from the 
current power level at which the probe is operating. 
In one embodiment there are four safety conditions 
which are checked before a power control word is 
output on the bus 62. If a change is necessary and 
the safety conditions are met t _then the new power 
level desired by the user is transmitted as a digital 
number on the bus 62 as a desired gain for the 
linear programmable amplifier 60 in Figure 1. 

Next, the subroutine for scanning the keyboard 
is called, as symbolized by block 184. This routine 
performs I/O read operations and reads data from 
the keyboard and writes it into the mode buffer in 
RAM for use by the main loop. Note that this 
keyboard scan subroutine is shared by the interrupt 
service vector and by the main loop. Note that this 
keyboard scan subroutine is shared by the interrupt 
service vector and by the main loop. Next, the 
status subroutine is called, as symbolized by block 
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186. This subroutine checks various system status 
flags for conditions then existing in the system 
such as power, link present error conditions, etc. 

After block 186 is performed; the restore regis- 
ters process is performed as symbolized by block 5 
183, and the interrupts service routine termioates in 
block 188. This returns program control status to 
the main loop until the next interrupt occurs. 

It will be apparent to those skilled in the art that 
not all the subroutines in the interrupt service rou- 10 
tine shown in Figures 6A-GC are necessary for 
implementing the teachings of the invention. Spe- 
cifically only those subroutines necessary for linear 
power control, tuning of the tuning inductor, and 
changing the driving frequency for the probe to 15 
match the resonant frequency of the probe for 
various conditions are necessary and critical to the 
teachings of the invention. Further, each of these- 
critical functions may be performed independently 
of the others in accordance with the teachings of 20 
the invention, albeit with lower power transfer effi- 
ciency and nonproportional power control in some 
cases. Specifically, the tuning of the tuning induc- 
tor to maximize power transfer efficiency may be 
performed independently of whether or not the 25 
power dissipated in the probe is controlled propor- 
tionately. Thus, the tuning inductor may be tuned 
for changing temperature conditions even at a fixed 
power level. Likewise, the frequency of the driving 
signal may be adjusted for changing mechanical 30 
resonance frequency regardless of whether or not 
the tuning inductor is tuned to maximize the effi- 
ciency of power transfer and regardless of whether 
or not the power levels of power dissipated in the 
probe are changed. Further, the power levels for 35 
power dissipated in the probe may be changed in 
proportional fashion regardless of whether or not 
the driving frequency is altered to compensate for 
changes in the mechanical resonance frequency. In 
some embodiments, the power levels may be ao 
changed linearly in response to user input regard- 
less of whether or not the tuning inductor is tuned 
to maintain maximum power transfer efficiency 
throughout the power range. However, if the tuning 
inductor is not tuned, the transfer efficiency will 45 
change over the power range, and substantial lin- 
earity of power control may not be achievable over 
the full range of desired power dissipation levels. 

Referring to Figure 7, there is shown a flow 
chart for the frequency adjustment aspect of the so 
teachings of the invention. As noted earlier, this 
particular subroutine is performed 60 times per 
second, as symbolized by block 200 and as imple- 
mented by one channel of the multichannel counter 
(this counter may be in hardware or software). The 55 
first step is a test represented by block 202, which 
tests whether the current user-desired gain level is 
greater than 95%. This test is used in one embodi- 



ment such that frequency is adjusted only when 
gain levels are at levels greater than 95%. In other 
embodiments; this test may be omitted, and the 
frequency may be adjusted for all gain levels or 
may be adjusted for changing ambient conditions 
for a fixed gain level. In one embodiment, If the 
gain is less than 95%, processing flows to block 
204. In block 204, the microprocessor 20 generates 
a frequency control word on the bus 168 which is 
converted to an analog signal voltage on line 172 
by the D/A converter 170 to set the frequency of 
the VCO 56 at a known reference frequency- This 
reference frequency is the experimentally deter- 
mined average mechanical resonance frequency of 
the probe at gain levels less than 95%. Processing 
then proceeds to block 206, where control is re- 
turned from the 60 Hz interrupt service routine to 
whatever processing sequence was interrupted. 

If the answer to the test performed in block 202 
indicates the gain is greater than 95%, processing 
proceeds to block 208. There the microprocessor 
reads the current contents of a variable called 
GENERATOR stored in the RAM 90. During the 
initialization process, ih© value stored in GENER- 
ATOR is the same reference frequency value used 
in block 204. However, duffng succeeding iterations 
through the 60 Hz interrupt service routine, the 
value of GENERATOR It altered in order to change 
the VCO frequency. 

The purpose of this particular serves f&uflrtft 
for the 60 Hz interrupt is to alter the VtSO dfMftp 
frequency to track changes in the mechfcical rtfifc 
nance frequency of the probe, which occur «wi 
changing gain levels and changing temperakirefc. 
The value stored in GENERATOR will determine 
the particular driving frequency generated by the 
VCO 56 in Figure 1. 

After the VCO frequency is set to the fre- 
quency dictated by the value of GENERATOR by 
block 208, processing proceeds to block 210, 
where the current phase angle error word on bus 
48 is read. Next, in block 212, a test is performed 
on the phase angle error word read in block 210. In 
block 212, the phase angle error word is compared 
to a constant phase angle error, which is estab- 
lished by the user as the desired phase angle error 
when the system is in tune. This acceptable phase 
angle error will often be zero, but it need not 
always be so. In systems like that shown in Figure 
1, the phase angle error words on the bus 48 
change around the number 102 as a center point 
representing zero phase angle because of use of a 
unipolar A/D converter 54. However, the system 
may be reprogrammed so that the number 102 is 
some other number representing the different 
phase angle about which the tuning of the VCO 
frequency is to be centered. In other embodiments, 
where a different type of A/D converter is used, the 
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value used in testing the phase angle error word in 
block 212 may be different 

With the system of Figure 1 ,. if the phase angle 
error word on bus 48 is greater than 102, the value 
of GENERATOR will be decreased to change the 5 
phase angle toward zero. This process is done in 
block 214. Block 214 represents the process of 
accessing GENERATOR from RAM and subtracting 
from it a constant value called TWEAK, which is 
stored in a constants table in the RAM. The mag- 
nitude of TWEAK can be altered by the user by 
reprogramming the system. The value of TWEAK 
will set the step size by which the frequency 
changes are made, and therefore will control the 
response time and resolution of the system in 
adjusting VCO frequency for changed mechanical 
__^resonance frequency. 

If the test of block 212 indicates that the phase 
angle error word is less than 102, then the value of 
GENERATOR must be increased by the value of 
TWEAK to increase the phase angle toward the 
test constant used in block 212. This process if 
performed in block 216 in the same manner as 
described for block 214. After the value of GENER- 
ATOR has been altered, the new value of GENER- 
ATOR must be tested against high and low limits to 
determine if it has been changed to an illegal, out- 
of-bounds value. The low limit test is symbolized 
by block 218, and the high limit test is symbolized 
by the block 220. If the answer to the test of block 
218 is yes, indicating that GENERATOR has been 
changed to a lower value than the constant low 
limit, then block 222 is performed. In block 222, 
GENERATOR is set to the value of the low limit 
constant. If the answer to the test of block 218 is 
no, processing skips block 222 to block 224, where 
return from the 60 Hz interrupt service routine 
occurs. 

A similar process is performed by block 226. 
Block 226 is performed if the answer to the test 
performed in block 220 is yes, indicating that GEN- 
ERATOR has been increased beyond the value, of 
the constant high limit. In block 226, the value of 
GENERATOR is set to the value of the high limit 
constant. Then processing proceeds to block 228, 
where a return from the 60 Hz interrupt service 
routine is performed. If the answer to the test of 
block 220 is no, then block 226 is skipped and 
block 228 is performed. 

In alternative embodiments, a look-up table 
may be used for the frequency adjustment instead 
of the iterative approach shown in Figure 7. In such 
an embodiment, the steps following step 210 in 
Figure 7 would be replaced by a single step of 
using the phase as an index into the look-up table 
stored in ROM to derive a value to send out on bus 
168 in Figure 1. This value would be experimen- 
tally determined for that particular phase angle and 



would establish the driving frequency at the me- 
chanical resonance frequency that experiments 
showed resulted in that phase angle. The flow chart 
for such an embodiment is illustrated in Figure 8. 
The step 230 represents the process of looking up 
the proper VCO frequency for the phase angle read 
in step 210. This process involves generating an 
address using the phase angle error word on bus 
48 as an index and then accessing the frequency 
70 correction data in the look-up table and storing it in 
a buffer. Step 232 represents the use of the fre- 
quency correction data from the look-up table to 
generate the proper word on the bus 168 in Figure 
1 to cause the voltage-controlled oscillator 156 to 
75 assume the frequency of the new probe mechani- 
cal resonance frequency.' Step- 228. .represents the 
return from the interrupt service routine. — 
In yet another alternative embodiment, the step 
230 in Figure 8 can represent the look-up of the 
20 proper VCO frequency from one of several look-up 
tables. These look-up tables could be differentiated 
based upon the amount of time for which power 
has been applied to the probe. That is, each look- 
up table could contain the experimentally deter- 
25 mined values for the probe resonant frequencies 
after the probe has been operated for a specific 
time and, possibly, at specific power levels. These 
different tables would contain the different experi- 
mentally determined mechanical resonant frequen- 
30 cy values for the probe operating at different tem- 
peratures resulting from the measured time at cer- 
tain power dissipation levels. In yet another alter*' 
native embodiment an actual temperature serwor 
on the probe could be used. The microproc#«tor 
35 20 could measure the probe temperature periodi- 
cally when tuning of the driving frequency was 
necessary. This temperature could be used as an 
index to determine which look-up table to use. 
Once the proper look-up table is determined, either 
40 from the time for which the probe has been operat- 
ing or the temperature of the probe, the phase 
angle .or the temperature or some other variable 
indicative of the shift in mechanical resonance fre- 
quency may be used as an index to access the 
45 proper value in the look-up table. These alternative 
• embodiments are illustrated in Figures 9 and 10, 
which represent breakdowns of the steps per- 
formed in block 230 for the different embodiments. 
With respect to the embodiments shown in 
so Figures 8-10 for adjustment of the VCO frequency, 
it should be noted that this process may occur 
independently of the process of tuning the tuning 
inductor 36 in Figure 1. That is, the processes of 
Rgures 8-10 may be performed for a fixed tuning 
55 inductor which is adjusted to cancel the reactive 
component of the load impedance at a specific 
operating temperature or gain level. At different 
operating temperatures and/or gain levels, the 



14 



probe may be slightly out of tune by virtue of the 
inability to change the value of the tuning induc- 
tance, but the VCO frequency may be altered to 
match the changed* mechanical resonance frequen- 
cy for the new conditions, even though a zero 
phase, angle cannot be achieved. That is, according 
to the teachings of the invention, VCO frequency 
alteration to track th8 mechanical resonance fre- 
quency drift works whether or not the tuning induc- 
tor value is changed. However, it works best when 
the value of the tuning inductor is changes to tune 
out the reactive component of the load impedance. 
The combination of these two adjustments by the 
system of Figure 1 will insure that maximum possi- 
ble power transfer efficiency is maintained over the 
entire power operating range of the system. 

Likewise, the tuning inductor impedance may 
be altered to maintain proper cancellation of the 
reactive component of the load impedance inde- 
pendently of whether or not the VCO frequency is 
changed to track the drifting mechanical resonance 
frequency. The manner in which this may be done 
is illustrated in Figure 1 1 in one embodiment 

Referring to Figure 11, there is shown the 
interrupt service routine for a 60 times per second 
interrupt to tune the value of the tuning inductor L T . 
The function of the interrupt service routine of 
Figure 11 is to tune out the reactive component of 
the load impedance represented by the probe. The 
first step In this service routine is represented by 
block 240. The process represented by this block 
is that of reading the proper criteria upon which the 
tuning of the tuning inductor will be based. In some 
embodiments, the criteria will be both the phase 
angle error and the power level. In such embodi- 
ments, block 240 represents the steps shown in 
Figure 12. Step 242 in Figure 12 represents the 
process of reading the phase angle error on the 
bus 48 and storing it in a memory location, and 
step 244 represents the process of reading the 
memory location which contains the current scaled 
power level obtained by scaling the deflection of 
the foot pedal 68 relative to the relative maximum 
power control setting 64 in Figure 1 . In other em- 
bodiments where only phase angle is used as the 
index, step 240 may represent only the process of 
getting the phase angle as shown in Figure 13. In 
still other embodiments, step 240 may represent 
the step of obtaining the current power level, as 
shown in Figure 14. 

In both Figures 12 and 14, the step of getting 
the current power level may be omitted, and a step 
may be substituted of obtaining the current probe 
temperature via temperature sensor 92 and signal 
line 94 in Figure 1. 

Referring again to Figure 11, after the criteria 
for tuning of the inductor L T has been obtained in 
step 240, a step 250 is performed. This step repre- 



sents the process of using the criteria obtained in 
step 240 to look up the proper D.C. bias level for 
the flux modulation coil 44 in Figure 1 to cause the 
tuning inductor to assume the proper inductance to 

s cancel out the reactive- component of the low im- 
pedance presented by the probe. Step 250 may 
represent the process of accessing a single look-up 
table wherein are stored experimentally determined 
D.C. bias current levels indexed by the criteria 

w determined in step 240. In one embodiment, how- 
ever, multiple look-up tables are used wherein the 
experimentally determined values in each look-up 
table are determined for a particular set of con- 
ditions. Typically, there will be one look-up table 

75 for a certain range of elapsed times during which 
the probe has been operated and another look-up 
table for another range of elapsed times during 
which the probe has been operated. In some em- 
bodiments, the look-up tables may be further di- 

20 vided in terms of the amount of time the probe has 
been operated at specific power levels, i.e., the 
total wattage which has been dissipated in the 
probe may be determined, and that wattage may 
be used as an index to the proper table based on 

25 the assumption that, after a given number of watts 
has been dissipated in the probe, the probe will 
have achieved a predetermined temperature. In 
such embodiments, the look-up tables may be in- 
dexed by the range of watts dissipated in the probe 

30 for which the entries in the table are valid. Such en 
embodiment is illustrated in Figure 15. 

In Figure 15, the first step is symboftzotf bf 
block 252, where the elapsed time during which 
power has been dissipated in the probt is dfe- 

35 tained. A step 242 represents the step of caJcute- 
ing the total power dissipation in the probe since its 
use began. This process may be an integration 
using the summation of the instantaneous average 
power level during each of a plurality of time slots 

40 multiplied by the increment of time for each time 
slot This gives the total power dissipation as of the 
time step 250 is performed. Once the total power 
dissipation is determined, it is used in step 256 to 
point to the proper look-up table having bias cur- 

45 rent levels which are valid for that total amount of 
power dissipation. 

Once the proper look-up table is selected in 
step 256, the criteria read in step 240 in Figure 1 1 
is used as an index to access the proper entry in 

so the selected table. This entry will be the correct 
bias current for the flux modulation coil 44 to cause 
the tuning inductor to have the proper value tb 
cancel out the reactive component of the probe 
load impedance for the particular total power dis- 

55 sipation up to that point 

An alternative and simpler embodiment is 
shown in Figure 16. In this simple embodiment, the 
probe temperature is measured using the tempera- 
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ture sensor 92 shown in Figure 1, and that tem- 
perature is used to select the proper look-up table- 
Each look-up table will cover a different range of 
temperatures for which its bias current entries are 
validi Once the proper look-up table is selectee*, 
the criteria determined in step 240 is used to 
access the proper entry in that look-up table- 

A still simpler embodiment uses only the 
elapsed time to select the proper look-up table. 
After the proper look-up table is selected, the cri- 
teria determined in step 240 is used to access the 
proper entry therein. This embodiment is illustrated 
in Figure 17. 

Returning again to Figure 11, once the proper 
bias current entry has been selected from the 
proper look : up table, the flux modulation coil bias 
current ^adjusted in step. 260. This step repre- 
sents the process of generating the proper digital 
word for transmission on bus 46 to D/A converter 
40. The D/A converter 40 converts this number to 
an analog signal on line 42 which controls the 
amount of bias current flowing through the flux 
modulation coil 44. 

Next a step 262 reads the phase angle error on 
the bus 48. This phase angle is then tested in a 
process symbolized by the block 264 to deter- 
mined whether it is within an acceptable range 
defined by the user at the time of programming the 
system. In some embodiments, the acceptable 
range for phase angle error may be defined in real 
time by the user through the front panel. 

If the phase angle is within the acceptable 
range, the service routine is exited in step 266, and 
processing resumes where it left off at the time the 
interrupt of Figure 11 occurred. If the phase is not 
within the acceptable range, a step 268 is per- 
formed to adjust the phase in the proper direction 
by an incremental amount in similar fashion as 
shown in Figure 7 for altering the GENERATOR 
constant by the constant TWEAK, That is, the 
phase angle error will be compared to the accept- 
able range and the direction of correction will be 
determined. The current word on the phase angle 
adjust signal bus 46 would then be added to a 
phase angle adjust constant, or the phase angle 
constant will be subtracted from the word on the 
phase angle adjust bus 46 depending. on the de- 
sired direction of correction of the phase angle 
error. Thereafter, the interrupt service routine of 
Figure 11 will be exited in step 270. In some 
embodiments, the adjust phase block 268 may 
cause looping back to step 262 to continue to loop 
through steps 262, 264, and 268 until exit step 266 
is reached. These embodiments are symbolized by 
the dotted lines 272 and 274 in Figure 11. 

In other embodiments, the fine tuning of the 
phase angle represented by steps 262, 264, 268, 
and 266/270 may be omitted. In these embodi- 



ments, the phase angle adjust interrupt service 
routine comprised solely of steps 240, 250, and 
260, plus an exit step to return control to the point 
in processing where the interrupt occurred. 
5 Finally, it should be noted that the proportional 

power control aspects of the teachings of the in- 
vention may be performed without either adjusting 
the phase angle through changing the inductance 
of the tuning inductor 36 and without changing the 
to driving frequency generated by VCO 56. However, 
changing the power level to the probe without 
using at least the tuning inductor 36 to cancel out 
the changing reactance component of the load will 
not work very well, since at higher power levels, 
is the probe temperature will begin to rise, and the 
system will become so far out of tune that it will be 
impossible to transfer enough power into the probe 
to maintain a linear or proportional relationship to 
the displacement of the foot pedal 68. However, 
20 over small ranges of power dissipation levels, the 
system will work adequately with proportional pow- 
er control without either tuning the tuning inductor 
or changing the VCO frequency. 

That concludes the description Of the digital 
25 embodiment of the teachings of the invention. 
There follows a description of an analog version of 
the teachings of the invention. 

Referring to Figure 20 there is shown a block 
diagram of an analog system for tuning the fre~ 
30 quency of the driving signal for the probe. A sam- 
ple of the current waveform through the probe 
enters the system on a line 300 where it is pro- 
cessed by a zero crossing detector 302. The zero 
crossing detector converts the current waveform to 
35 a square wave, alternating current waveform on a 
line 304. A rectifier 306 chops off one half of the 
square wave to convert the signal on line 304 to a 
pulse train of all positive or all negative pulses on 
line 308. A ground fault detector 310 monitors the 
40 signal on the line 308, and when no pulses occur 
on the line 308, a data bit D1 is latched to flag the 
failure of feedback from the probe. The computer 
(not shown) periodically addresses the ground fault 
detector via address signals on bus 312, decoder 
45 314 and enable line 316 and reads the ground fault 
flag bit (D1). If it is set the computer cuts off 
power to the probe by addressing a bus latch 318 
via enable line 320 and address signals on bus 314 
and by sending the proper data word to cause a 
so programmable linear power amplifier 322 to cut off 
all driving signal power to the probe on line 324. 

The signal on the line 308 comprises the load 
current sample needed by a phase detector 326 to 
determine the phase angle error or power factor 
55 caused by the current probe load impedance for 
(existing conditions. The other signal needed for 
this determination is a sample of the phase of the 
voltage waveform for the voltage waveform used to 
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drive the probe. This signal arrives on a line 328 
which is coupled to the input of the programmable 
linear amplifier 322. The phase detector 326 com- 
pares the phase of the current waveform on line 
305. to the phase of the voltage waveform on line 
328P and_generates a phase angle error signal on 
line 330. This phase angle error signal is in the 
form of a pulse width modulated pulse train where 
the pulse width is indicative of the phase angle 
error. 

The phase angle error signal is passed through 
a low pass filter 332 to convert it to a direct current 
signal having a voltage which is indicative of the 
phase angle error on a line 334. This signal is 
applied through a gain stage 336 to an integrator 
338. The purpose of the integrator 338 is to make 
the operation of the circuit not subject to offset 
errors intrinsic to operations with the operational 
amplifiers used to implement many of the stages 
shown in Figure 20. Even the best operational 
amplifiers have some offset output voltage for a 
zero volt differential input. This offset error would 
exist on the line 340. and if it were not eliminated, 
would be applied to the voltage adjust input of the 
voltage controlled oscillator used to generate the 
driving signal. This offset error would cause the 
driving frequency to always be slightly off from the 
desired driving frequency to match the mechanical 
resonance frequency. The integrator 338 acts as an 
infinite gain operational amplifier. When there is 
any voltage other than 0 volts on the line* 340, the 
integrator 338 continually integrates (sums) It. This 
causes the output voltage of the integrator on the 
line 342 to continue to rise until the output voltage 
reaches the maximum voltage of one of the supply 
voltages to the integrator. This output voltage on 
line 342 is applied to the frequency control input of 
the voltage controlled oscillator 344 and causes the 
frequency generated by the voltage controlled os- 
cillator to shift to the frequency corresponding the 
voltage on the line 342. This driving signal is output 
on the line 346 to a frequency divider 348. There it 
is divided down in frequency to the proper driving 
frequency for the probe. The linear power amplifier 
322 then amplifies the signal on line 350 by the 
gain set by the computer via the data bus 362 and 
bus latch 318, and the amplified driving signal is 
output to the voltage step up transformer (not 
shown) via line 324. 

Because the feedback is negative, the shift in 
frequency caused by the signal on the line 342 is 
such as to reduce the phase angle error signal on 
line 334. Thus if any offset error signal exists on 
line 340, the integration of the error and the nega- 
tive feedback of the system will force the error 
signal on the line 340 to zero. Whenever the me- 
chanical resonance frequency shifts because of 
changing conditions, the phase error signal which 



results therefrom will cause the integrator to force 
the VCO frequency to shift until the voltage on the 
line 340 is once again zero. 

The phase angle error around which the sys- 

5 tern operates need not be zero. The user may 
adjust It to be some other value by use of the 
offset adjust circuit 360. This circuit forces the 
integrator 338 to tolerate a certain phase error. 
Referring now to Figures 21 A and 21 B there is 

io shown a more detailed schematic diagram for the 
analog embodiment of the teachings of the inven- 
tion with respect to changing the VCO frequency in 
response to phase angle changes. The load current 
phase sample enters on line 300 on the upper right 

75 comer of Figure 21A as the CURRENT PHASE 
signal. This signal is processed by a waveshaper in 
the form of operational amplifier 400. The output of 
the waveshaper 400 on line 402 is an alternating 
current signal having the frequency and phase of 

20 the current waveform through the load. 

To get this signal in a condition to be read by a 
phase detector, the signal must be converted to a 
square wave, direct current signal, Le., it must be 
rectified and further waveshaped. To this end, the 

25 alternating current signal on line 402 is coupled to 
the negative input of an operational amplifier 404 
which has its positive input coupled to analog 
ground and which acts as a zero crossing 4$*ctor. 
The output on line 406 is a square waMfc, tffctmat- 

30 ing current signal. A voltage divider cx>rrijWfe»d of 
resistors 408 and 410 change the maxlmiSft 4fcj- 
plitude of the signal on line 406 to a level JfcdlAlfr 
for base drive of a transistor/diode rectifier circuit 
306. 

35 The rectifier circuit 306 converts the alterrtaftng 
current square wave on line 406 to a train of 
positive going pulses on the output line 308. This is 
done through use of the shunt diode 414 having Its 
cathode coupled to the base of a transistor 41 §. 

40 The diode shunts all negative going pulses to ana- 
log ground, so that only the positive going pulses 
turn on the transistor 416 and drive line 308 to 
logic zero. 

The computer (not shown) must know that the 
46 probe is present and is receiving the drive current 
to keep the driving signal power on. If the probe is 
not present or the link to same is broken, the 
computer must shut off power to the probe as a 
safety feature since the voltage step up transformer 
so steps up the driving voltage across the crystal to 
approximately 1000 volts. The computer must con- 
stantly monitor line 308 to determine if current 
phase samples are arriving. If they are, then the 
computer assumes that the probe is present and 
55 that the link to the probe is working. A retriggerable 
one shot 420 and a latch 422 are used for this 
purpose as the ground fault detector 310. The 
signal on line 308 constantly retriggers the retrig- 
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gerable one shot 420 to keep its output on line 424 
in a predetermined logic state constantly. When the 
pulses on line 308 stop, the retriggerabie one shot 
emits a pulse on line 424 which is latched into the 
latch 422. This latch is periodically addressed by 
the computer by jactivating the read signal and 
writing the proper address to a decoder 314 to 
activate the 79H signal to the NOR gate 430. The 
computer then reads the contents of the latch 422, 
and, if the bit pattern is in a predetermined state, 
the computer knows that there has been a ground 
fault, and cuts off power to the probe. 

To determine the correct frequency to use to 
drive the probe, the phase angle between the cur- 
rent waveform for current flowing through the cry- 
stals in the probe and the voltage waveform of the 
driving signal across the crystal and tuning inductor 
is used. This phase angle is circumstantial evi- 
dence that the impedance of the crystal/probe 
equivalent circuit has shifted away from the tuned 
condition where the combined tuning inductance 
and crystal/probe impedance appears to be purely 
resistive. When this happens, the mechanical reso- 
nance changes because the temperature changes 
have affected the elasticity of the probe metal 
thereby changing the equivalent circuit capacitance 
representing elasticity and changing load condi- 
tions have changed the effective mass of the 
probe. This alters the inductance in the equivalent 
circuit representing the mass of the system. The 
result is that the mechanical resonance frequency 
changes, so the driving frequency must be 
changed to keep the probe in tune. Further, the 
value of the tuning inductance should also be al- 
tered to keep the overall load impedance substan- 
tially purely resistive. The analog circuitry to alter 
the tunable inductance works the same as the 
circuit of Figure 20, and will not be further detailed 
here. 

To determine the phase angle, the signals on 
the line 308 are coupled to one sample input of a 
phase detector 326. This signal must be compared 
in phase to a sample of the voltage waveform 
across the tuning inductor and the crystal trans- 
ducer of the probe. The voltage sample comes in 
on line 434 from the output of a counter/frequency 
divider 436 coupled so as to divide the output of 
the voltage controlled oscillator 344 down to the 
proper driving frequency for the probe 
(approximately 40 kilohertz). 

The phase detector 326 generates a pulse 
width modulated phase angle error signal and out- 
puts it on line 330. The pulse widths of the pulses 
in the signal on line 330 are proportional to the 
phase angle error. This signal is passed through a 
low pass filter 332 consisting of a passive network 
of resistors which shunt capacitors to ground and 
then through a gain stage consisting an operational 



amplifier 450 coupled as a low pass filter/integrator. 
The purpose of this low pass filter and integrator 
combination is to filter out high frequency noise 
components, and to convert the pulse width modu- 
5 lated phase error signal to a direct current voltage 
phase angle error signal on line 340. 

After conversion of the phase angle error signal 
to a D.C. phase angle error voltage, the signal on 
line 340 is amplified in a gain stage 336. There- 
70 after, the D.C. phase angle error signal is applied 
to the input of the integrator 338. The purpose of 
the integrator is to eliminate the errors introduced 
by offset errors in the operational amplifiers pre- 
ceding the integrator stage. As noted earlier, be- 
T5 cause of the high gain of the integrator and the 
negative nature of the feedback, the integrator will 
force the frequency of the driving signal to change 
until the D.C. phase angle error signal on line 340 
is zero volts. * ~ — - , ^ 

20 The integrator 338 is comprised of an"oper- 
ational amplifier 460 coupled with capacitive feed- 
back so as to act as an integrator. An offset adjust 
circuit 360 comprised of a voltage divider with a 
potentiometer as the second resistor is used to 
25 adjust the voltage on the line 340 so that any 
phase angle desired by the user may be used as 
the home point around which the integrator 338 
forces servo action. That is, the offset adjust circuit 
360 may be used to set some phase angle such as 
30 5 degrees as the center point. Then when a phase 
angle of 8 degrees is found, the integrator forces a 
frequency change until the phase angle moves 
back toward 5 degrees. Likewise, if a phase angle 
of 2 degrees is found, the integrator forces the 
35 frequency to change until the phase angle once 
again is 5 degrees. However, the voltage on the 
line 340 will always be maintained at a virtual 
ground level by virtue of the negative feedback 
whereby positive changes in the D.C. level of the 
40 phase error signal are applied to the negative input 
of the operational amplifier 460 which causes a 
change in the VCO frequency to reverse the direc- 
tion of the change in the D.C. phase angle error 
signal. Any offset voltage on the line 340 will be 
45 continually integrator until the integrator output on 
line 342 reaches the power supply or "rail" voltage 
at which the integrator operates unless the. phase 
angle change resulting from the changing voltage 
on the the line 342 acts to remove the voltage on 
50 line 340. The voltage on the line 342 then stabilizes 
at that voltage necessary to cause the phase angle 
error signal on line 340 to be zero. 

The output of the integrator on line 342 is 
coupled through a level shifting stage comprising 
55 operational amplifier 462 which changes the level 
of the signal voltage to a level suitable for applica- 
tion to the voltage control input of the voltage 
controlled oscillator 344. The oscillator generates a 
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driving signal having a frequency which is a func- 
tion of the FREQUENCY ADJUST signal on line 
342. The voltage controlled oscillator 344 has a 
characteristic curve of frequency versus voltage 
which has a less sensitive portion and a more 
sensitive portion. In the less sensitive portion, it 
takes more change of voltage on the line 342 to 
cause a one hertz change of the output driving 
signal frequency than in the more sensitive portion. 
The level of the signal on the line 342 is set to be 
in the low sensitivity, portion of the characteristic 
curve of the VCO. 

The output signal from the VCO is coupled via 
line 346 to the divider/counter 348. This counter 
divides the frequency on line 346 by a factor of 32, 
and outputs the lower frequency driving signal on 
line 350. This line is coupled to the input of the 
programmable linear amplifier 322. 

The purpose of the programmable linear am- 
plifier is to amplify the driving signal on the line 
350 by a gain factor set by the computer (not 
shown) via the data bus 352. The programmable 
amplifier is comprised of several programmable 
switches 380, 382 and 384 which are coupled to 
the data bus via a bus latch 318. When the com- 
puter wishes to control the gain level, it activates 
the write signal WR and writes the address of the 
programmable amplifier on the address bus 312 
and writes the desired gain control number on the 
data bus 352. This causes the decoder 314 to 
activate the enable signal on the line 390 thereby 
clocking in the gain control data on the data bus 
352 via the NOR gate 392 and line 394 coupling 
the NOR gate output to the clock input of the bus 
latch 318. 

The gain control number causes the program- 
mable switches to control the resistor ladder net- 
works 400, 402 and 404 in such a way as to set the 
desired gain level on line 406 at the input to the 
final gain stage 408. The final gain stage amplifies 
the signal by a fixed gain and buffers it from the 
output line 324 so that the resistor ladder network 
cannot be loaded down by external impedances 
coupled to the line 324. 

For purposes of debugging, an analog to digital 
converter 410 is coupled by a line 412 to the 
output of the VCO through a pair of isolation and 
level shifting stages to sample the output amplitude 
level of the VCO. The A/D converter can be ad- 
dressed by the computer to read the digital equiv- 
alent of the VCO output signal amplitude via the 
data bus 352 whenever the computer needs to 
know this value. This aspect of the circuit is not 
critical to the invention. 

The analog method of tuning the VCO fre- 
quency may be used independently of proportional 
power control or of tuning of the tuning inductor 
impedance. Likewise it may be used with the digi- 



tal methods of performing the latter two functions 
as disclosed above. In yet another embodiment 
the tuning of the tunable inductor may be done in 
analog fashion using a circuit using the same 
5 teachings of the circuit of Figure 20. 

For all embodiments where the frequency of 
the driving signal is to be tuned to the mechanical 
resonance frequency of the probe, there Is an 
alternative way to determine the mechanical reso- 
70 nance frequency. In the embodiments discussed so 
far, the mechanical resonance frequency is inferred 
from the phase angle. That is, when conditions 
such as power level change resulting in tempera- 
ture change or the load condition changes, the 
75 mechanical resonance frequency shifts and the 
phase angle is altered. Instead of measuring 'the 
mechanical resonance frequency itself, the reso- 
nance frequency is inferred from the resulting 
phase angle. This was done with either a lookup 
20 table as described with reference to Figure 8 or by 
trial and error method as shown in Figure 7. 

Another way to determine the mechanical reso- 
nance frequency is to measure it directly using 
Ohm's law and the shape of the curve defining the 
25 load impedance represented by the probe. Figure 
22 shows the characteristic impedance of the 
probe without the tuning inductor over a range el 
frequencies surrounding' the mechanical resomrrt 
frequency. The mechanical resonance freqoerfey is 
30 always the frequency where the minin^um imped- 
ance point 500 occurs from the equivalent &fr$M 
for the probe shown in Figure 2. Since the \ \\ifk 0 
ance is higher at frequencies on either side of the 
mechanical resonance frequency, this fact can be 
35 used to determine the value of the mechanical 
resonance frequency under a given set of con- 
ditions. This can be done by measuring the current 
flowing through the probe at a number of different 
frequencies and finding the frequency where the 
40 current flow is a maximum. Once the mechanical 
resonance frequency is determined, the tuning in- 
ductor is tuned to reduce the phase angle to zero. 
Figure 23 shows the relationship of phase angle to 
frequency for the phase between the voltage 
46 across the crystals and the current flowing through 
them under a given set of conditions. 

A method for tuning the probe for maximum 
efficiency of power transfer using the shape of the 
characteristic impedance of the probe as a pointer 
so to the correct mechanical resonance frequency is 
shown in the flow chart of Figure 24. The general 
idea is to sweep the VCO frequency through a 
number of frequencies on either side of the ex- 
pected mechanical resonance frequency and read 
55 the current flowing through the probe at each fre- 
quency. The frequency at which the maximum 
amount of current flows is the mechanical reso- 
nance frequency. Once this frequency is deter- 
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mined, the VCO is set to this frequency, and the 
tuning inductor is biased to tune the phase angle to 
zero. 

The first step in this process is to zero the bias 
of the tuning. inductor 36 in Figure T as symbolized 5 
by block 5021 This entails having, the m'rcroproces^ 
sor (or other analog circuitry, controlling the bias of 
the tuning inductor) send a-bias^word on bus 46 to 
D/A converter 40 to reduce the bias current through 
the flux modulation coil 44-' to zero. Next, an initial io 
VCO frequency is set at some frequency less than 
the frequency of the impedance minimum 500 in 
Figure 22. For the sake of example, assume this 
initial frequency is F1 in Figure 22 which cor- 
responds to a probe impedance of Z1. This step is is 
symbolized by block 504 in Figure 24, and is done 
by sending the proper frequency control word cor- 
responding to frequency FTorrbus 168 in Figure t 
tathe D/A converter 170. 

Block 506 represents the steps of measuring 20 
the load current drawn by the probe at frequency 
F1 and storing the value of: the load current along 
with its frequency F1 in RAM 90 in Figure 1. This 
done using the operational amplifier 508 in Figure 
1 along with rectifier SOB and A/D converter 510. 25 
The operational amplifier has one input coupled to 
line 82 which carries a signal voltage proportional 
to the magnitude of load current flowing through 
the crystafs 28 and 30. The amplifier amplifies this 
A.C. signal and outputs it on line 509. The rectifier 30 
508 converts the amplified load current signal on 
line 509 to a D.C. voltage level proportional to the 
load current on line 511. This signal is converted to 
a digital word by the A/D converter 510, and makes 
the digital word representing the magnitude of the 35 
load current available on bus 512 for the micropro- 
cessor to read. The microprocessor 20 then reads 
the word on the bus 512 and stores it in RAM 90 
along with the frequency which corresponds to this 
particular load current in memory. 40 

The next step, as symbolized by step 514, is 
to increment the VCO frequency to a slightly higher 
frequency F2 corresponding to a load impedance 
Z2 and to read the resulting load current The 
system then compares the load current read in 45 
step 514 to the load current stored in step 506 to 
determine if the new load current is less than the 
previous load current This is done in step 516. 
Because it is known that as soon as the frequency 
is incremented to a frequency above the mechani- so 
cal resonance frequency, the load impedance will . 
begin to rise having reached its minimum at the 
mechanical resonance frequency, it follows that as 
soon as the load current begins to fall, the me- 
chanical resonance will have been passed. The 55 
system then knows that the mechanical resonance 
frequency for existing conditions lies between the 
current frequency and the last used frequency. If 



the new load current is not less than the previous 
load current, processing returns to step 514 to 
increment the frequency and to take another read- 
ing of the load current as symbolized by path 518. 
Then the test of step 516 is performed again. 

If the new load current is less than the old load 
current then the mechanical resonance frequency 
has been determined, and path 520 is taken to step 
522. The next step is to set the VCO frequency at 
the frequency determined in step 516 to be the 
mechanical resonance frequency. This may be 
done by using the most current frequency or by 
interpolating between the current frequency and 
the last frequency used. If the step size is small, 
the current frequency may be used without appre- 
ciable error. 

The final step is symbolized by step 524. In 
this step, the tuning inductor 36 is tuned in the 
manner described herein to zero the phase angle 
and make the load of the probe appear to be 
purely resistance. This can be done by a trial and 
error method by looking at the output of the phase 
detector, altering the tuning inductor bias and look- 
ing again at the output of the phase detector. 
Alternatively, the proper bias level to zero the 
phase angle for the current conditions of frequen- 
cy, probe temperature, etc. can be looked up in a 
look up table. The value which emerges from the 
look up table can then be used to set the bias level 
for the current through the flux modulation coil of 
the tuning inductor. 

Referring to Figure 25, there is shown the 
preferred embodiment of the circuitry of the inven- 
tion. The embodiment shown in Figure 25 is sub- 
stantially similar to the embodiment shown in Fig- 
ure 1 except that certain changes have been made. 
These changes will be described in detail. Portions 
of the circuitry that are identical between the em- 
bodiment of Figures 1 and 25 and which serve the 
same function in both embodiments are identified 
with like reference numerals in both figures. The 
discussion of the common elements of the circuitry 
given above is equally applicable to the embodi- 
ment of Figure 25 and will not be repeated here. 

The first change of significance is the substitu- 
tion of a current sense transformer 550 for the 
current sense resistor 78. This current sense trans- 
former has its primary in series with the primary 
winding of the voltage step up transformer 76. The 
current sense transformer 550 is, itself, a voltage 
step up transformer such that the voltage gen- 
erated across the primary winding by the current 
flow through the primary of the voltage step up 
transformer 76 generates a voltage in the secon- 
dary of the* current sense transformer 550 which is 
a multiple of the voltage across the primary. The 
multiple depends upon the turns ration as between 
the primary and the second windings of the trans- 
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former 550. The current sense transformer 550 has 
less parasitic inductance and parasitic capacitance 
than the current sense resistor 78 which eliminates 
one possible source of error in determining when 
the frequency of the driving signal is most closely 
matched to the mechanical resonant frequency of 
the probe. Since the software uses the voltage 
swings on the secondary of the current sense 
transformer 550 as part of the information needed 
to determine the phase angle, it is important to 
derive clear signals with a high signal to noise 
ratio. The current sense transformer 550 improves 
the signal to noise ratio by stepping up the voltage 
across the primary winding of the transformer 550 
to a level well above any noise. 

The R.M.S. value of the A.C. signal on the line 
552 is converted to a D.C. signal value by an 
operational amplifier 554. The magnitude of this 
signal indicates the amplitude of the current flowing 
in the primary of the step up transformer 76 and 
therefore is indicative of the level of drive current in 
the probe 22. This D.C. signal on line 556 is 
coupled to one input of a two channel analog-to- 
digital converter 54. The analog-to-digital converter 
54 converts the D.C. level on line 556 to a digital 
signal on the bus 558 which indicates the level of 
the drive current flowing in the primary winding of 
the step up transformer 76. This information is 
used by the sweeper software routine to be de- 
scribed below in determining the .frequency of drive 
signal on line 72 which matches the mechanical 
resonance frequency of the probe 22. 

When the CPU 20 determines the proper driv- 
ing frequency, a digital frequency control word is 
written via bus 168 to a D/A converter 170. This 
word is converted to an analog signal level on the 
line 172 which is coupled to the frequency modula- 
tion control input of the voltage controlled oscillator 
56. The voltage on the signal line 172 controls the 
frequency of the driving signal generated by the 
VCO 56 on the line 72. 

The amplitude of the driving signal on line 72 
is controlled by the CPU 20 via a digitako-analog 
converter 560. The CPU 20 receives signals from 
the user manipulated footpedal 68 via the RS232 
interface 70 regarding the level of power the user 
desires to be sent to the probe. The CPU 20 
converts these signals to a digital word which cor- 
responds to the desired level of power and sends 
this word out to a digital-to-analog converter 560 
via a bus 562. This unit converts this desired power 
level word to an analog signal having an amplitude 
which corresponds to the desired level of power. 
This analog signal is coupled on line 564 to the 
amplitude modulation input of the VCO 56. The 
analog signal causes the VCO 56 to generate a 
drive signal having an amplitude on the line 72 
which corresponds to the desired level of power 



. requested by the user. 

The phase angle between the voltage 
waveform on the line 72 and the current waveform 
in the primary of the transformer 76 is indicative of 
5 the degree of cancelling of the reactive component 
of the probe impedance by tuning of the tuning 
inductor 36. A small or zero phase angle indicates 
substantially complete cancelling of the reactive 
component. The phase defector 50 Is used to de- 
70 termine this phase angle by comparing the outputs 
of two comparators. Comparator 580 has one input 
coupled to line 72 and the other input coupled to a 
reference voltage source 582. which generally Is 
ground. Thus each time the signal on the line 72 
rs makes a zero crossing, the comparator 580 
changes states. Another comparator 584 has one 
input coupled to the line 586 in the primary circuit 
of the step up transformer 76 and a second input 
coupled to a voltage reference circuit 588 which 
20 also is a ground reference voltage in the preferred 
embodiment. Thus each time the signal on line 586 
crosses zero, the comparator 584 changes states. 
These changes of states on lines 590 and 592 are 
coupled to the phase detector 50 and carry in- 
25 formation regarding the then existing phase angle. 
Since the signal on line 72 is the driving voltage 
and the signal on line 586 is proportional to the 
current passing through the probe 22 in response 
to the signal on the line 72, the difference in times 
30 of occurrence of the changes of states on the lift** 
590 and 592 can be decoded into the correspond- 
ing phase angle. 

There are also provided latched status ports 
600 for allowing the CPU 20 to do ground fault 
35 detection. Two of the status ports are coupled to 
receive the output bits from the comparators 580 
and 584. Since these bits are constantly changing, 
the CPU 20 can tell if the probe circuit is function- 
ing properly by reading the status ports frequently 
40 to determine if the data indicates the zero cross- 
ings are still occurring on lines 72 and 586. 

There is also provided a watchdog timer circuit 
602 which serves as. a safeguard. The watchdog 
timer is constantly counting up toward a timeout 
46 number and will be continually reset by the CPU 
20 by a signal on the line 606 before the timeout 
number is reached as long as the CPU 20 is 
functioning properly. If the CPU gets trapped in an 
endless loop or somehow fails to reset the watch- 
so dog timer 602, the timer will time out and assert a 
nonmaskable interrupt on line 604. The CPU 20 is 
slaved to the nonmaskable interrupt and will always 
be vectored to the service routine which serves the 
nonmaskable interrupt regardless of whether the 
55 CPU is in an endless loop or not This service 
routine shuts down the system as a safety precau- 
tion. 

Another difference between the embodiments 
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shown in Figure 25 and that shown in Figure 1 is 
that in the embodiment of Figure 25, the D.C. coil 
or flux modulating coil of the tuning inductor 36 is 
comprised of the two windings on either side of the 
center winding which is the AC. drive winding. 
That is, the D.C. windings is comprised of windings 
608 and 610 while the A.C. winding is the coil 612. 
The A.C. winding provides an inductive reactance 
which cancels the capacitive reactance of the 
probe 22 when the tuning inductor 36 is properly 
tuned. The D.C. windings must be such as to be 
able to alter the apparent inductance of the A.C. 
coil 612 between 0 and 30 millihenries. 

In the preferred embodiment shown in Figure 
25, the user manipulated footpedal 68 is coupled to 
the CPU 20_Uicough.a commercially available sur- 
"gical instrument called the MVS system 610. This 
unit is available from Alcon Surgical Instrumenta- 
tion in San Leandro, California, and is described in 
detail in a co-pending U.S. patent application en- 
titled "Handpiece Drive Apparatus for Powered 
Surgical Scissors", serial number 780,689, filed 
September 26, 1985 which is hereby incorporated 
by reference. The MVS system 610 has several 
modes, and enables the CPU 20 when the MVS 
system is in the phacoemulsification mode by 
sending a code via the RS232 interface 70. In the 
phacoemulsification mode, there are two power 
modes available: fixed power and linear power. 
Which mode is entered is determined by user 
manipulation of the controls of the MVS system. 
The MVS system then sends data to the CPU 2, 
which controls which power mode the embodiment 
of the invention shown in Figure 25 is to use. The 
user manipulated footpedal 68 is comprised of two 
switches and a potentiometer. A toggle switch is 
actuated between its two states when the user 
kicks the footpedal to the right indicating that pow- 
er is to be sent to the probe. A microswitch is 
actuated between its two states when the user 
presses down on the footpedal. A linear potentiom- 
eter is also included which has its wiper mechani- 
cally coupled to the footpedal so that when the 
footpedal is pressed down, the wiper is moved. 
The MVS system 610 has an analog to digital 
converter which is coupled to the potentiometer 
which converts the setting of the potentiometer to a 
digital value indicative of the desired level of power 
requested by the user. The MVS system is also 
coupled to the toggle switch and to the microswitch 
through I/O ports (not shown) so that the MVS 
system can read the. states of these two switches. 
The MVS system converts the states of the two 
switches and the setting of the potentiometer to 
digital data or code words which are sent to the 
CPU 20 via the RS232 interface. In the preferred 
embodiment the. MVS system after enabling the 
CPU 20 in the phacoemulsification mode, gen- 



erates an interrupt to the CPU 20 when the toggle 
switch indicates the footpedal is kicked right and 
when the microswitch indicates the footpedal has 
been pushed down. The CPU 20 is then vectored 
5 to a power control service routine which reads the 
data, as to the toggle switch position, the micro- 
switch position and the potentiometer setting. This 
service routine is described next 

Referring. to Figure 29, there is shown the 
70 details of the power control steps to control the 
power sent to the probe 22 during phacoemul- 
cification operations. The embodiment of the inven- 
tion shown in Figure 25 can operate in a fixed 
power mode or a linear power mode. In the fixed 
T5 power mode, the maximum power set by the user 
in the front panel switch 64 is sent to the probe 22 
when the user depresses the footpedal any amount 
in the phacoemulsification mode of the MVS sys- 
tem. Of course in alternative embodiments, the 
20 MVS system-independent may be eliminated as 
the footpedal interface, and the footpedal 68 may 
be directly coupled to the CPU through appro- 
priate, conventional interface circuitry. In the linear 
power control mode, a percentage of the maximum 
25 power set in the max power switch 64 is sent to the 
probe 22 where the percentage depends upon the 
position of the footpedal. The power control is 
linear such that a 10% increase in the displace- 
ment of the footpedal results in a 10% increase in 
30 power dissipation in the probe. 

There is a scaler routine which is performed as 
part of step 118 shown in Figure 5 which con- 
stantly performs the scaling calculation for the lin- 
ear mode each time step 118 is performed. The 
35 steps of this calculation are shown in Figure 29. 
The first step is symbolized by block 650 which 
reads the front panel maximum power setting set 
by the user on switch 64. Next, step 652 reads the 
desired percentage of power data which is derived 
40 by the MVS system from reading the position of 
the potentiometer in the footpedal. The MVS sys- 
tem writes this data to the CPU 20 via the RS232 
communications interface 70. The desired percent- 
age of power is then multiplied by the maximum 
45 power setting to derive a power word which is 
stored in memory as symbolized by step 654. 
Processing then continues with the other oper- 
ations of step 118 and from there to step 120 in 
Figure 5. 

50 The steps to the right in Figure 29 are the 
details of the power control step 182 in Figure 6C. 
The flow charts of Figures 5 and 6A through 6C are 
used in the embodiment of Figure 25, but the flow 
charts of Figures 7 through 17 are replaced by the 

55 frequency tuning and phase angle adjusting rou- 
tines of Figures 27 and 28 respectively. The first 
substep in the power control step 118 is symbol- 
ized by block 656 which reads the function variable 
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from memory. This function variable is stored in 
memory by the keyboard scan routine which reads 
the switches on the front panel to determine wheth- 
er the user wishes to operate in the linear or the 
fixed power modes. Substep 658 determines what 
the function variable states regarding the mode, 
and vectors processing to substep 660 if the mode 
is fixed. Substep 660 reads the maximum power 
setting either from the front panel switches or from 
the memory location in which this data is stored by 
the keyboard scan routine. Next, this maximum 
power setting is sent as a digital word to the D/A 
converter 560 by the CPU 20 for conversion to an 
analog signal which controls the amplitude of the 
signal put out by the VCO 56 as symbolized by 
substep 662. 

If substep 658 determines that the linear power 
control mode is selected, a step 664 is performed 
which reads the power word calculated by the 
scaler routine in step 118 and sends this power 
control data word to the D/A converter 560 and the 
VCO amplitude modulation control input to set the 
desired amplitude of the driving signal. 

Referring to Figure 26 there is shown a flow 
diagram of the calibration cycle of the control pro- 
gram of the preferred embodiment of the invention. 
The calibration cycle of the program is periodically 
run, but the core steps that tune the frequency and 
minimize the phase angle are run only one time 
each time the user lets up on the footpedal thereby 
indicating that the user does not want power dis- 
sipated in. the probe. Basically, the control software 
that controls the operation of the system of Figure 
25 is set up as a series of interrupt service routines 
that occur periodically. The calibration cycle routine 
of Figure 26 can be one of these timed routines 
that performs the frequency sweep and phase an- 
gle minimization only once each time the user lets 
up the footpedal and bypasses these steps when 
the user is applying power to the probe. In alter- 
native embodiments, other software architectures 
may be used. It is important however in obtaining 
maximum performance that whatever software ar- 
chitecture is chosen find the probe resonant fre- 
quency and match the VCO driver frequency to the 
resonant frequency of the probe and it is important 
that once this is done, that the tuning inductor be 
tuned to minimize the phase angle as much as 
possible. Whatever software architecture that per- 
forms these functions and provides linear power 
control will suffice for purposes of practicing the 
invention, and the particular software architecture 
that is described here is not critical to the inven- 
tion. 

The calibration cycle essentially determines 
whether or not it is time to do a frequency sweep 
and phase angle minimization. To that end, the 
calibration cycle of Figure 26 starts out with an 



enter step 698. This step symbolizes the timed 
interrupt that periodically occurs and is self gen- 
erated by a timer in the CPU 20. Each time this 
interrupt occurs, processing jumps to step 698, and 

5 the calibration cycle is performed. The first step in 
the calibration cycle is the enable step 700 which 
checks an enable flag in RAM which indicates 
whether the user has taken his or her foot off the 
footpedal indicating the user does not wish to send 

io power to the probe. Step 700 represents the step 
of checking the status flag in RAM that indicates 
this status and branching to the appropriate next 
step depending upon the condition of the status 
flag. A status routine (not shown) periodically reads 

75 the control codes arriving from the MVS system 
610 regarding the positions of the switches in the 
footpedal and updates the status flags. The control 
codes regarding the toggle switch and the micro- 
switch status in the footpedal are used to set the 

20 power status flag read by step 700. 

Assuming that the flag status checked in step 
700 indicates that the user has lifted his foot from 
the footpedal, processing proceeds to a step 702 to 
determine if this is the first time since entering at 

25 step 698 that the enable step 700 has vectored 
processing along the path 701. The reason for this 
is to prevent the calibration routine of the steps 
following step 702 from being performed more than 
once each time the user takes his foot tiff the 

30 footpedal. If the steps following step TBI hewe 
already been performed once since the r atfr m of 
Figure 26 was entered, then processing It vectored 
along path 704. Likewise, if the routine of Figure 28 
is entered at a time when the user is applying 

35 power to the probe, then the test of step 70 vectors 
processing along the path 706. Paths 704 and 706 
bypass the calibration step following step 702. 

Assuming that path 708 is followed out of step 
702, a step 710 is performed. This step sets the 

40 power level to the probe to a nominal level by 
writing an appropriate digital word to the D/A con- 
verter 560 in Figure 25. Next a step 712 is per- 
formed to set the inductance of the tuning inductor 
36 to a minimum value. This is done by writing a 

45 digital word to the D/A converter 40 which sets the 
current flow through the D.C. bias coils 610 and 
608 to a maximum level. 

Next, a step 714 is performed to call the 
sweeper routine to be described below. The pur- 

so pose of this routine is to sweep the frequency of 
the VCO 56 through an entire range of driving 
frequencies which will include the resonant fre- 
quency of any probe 22 attached to the system 
which is intended for phacoemulsification oper- 

55 ations. At each frequency, the driving current is 
read and compared to the highest driving current 
previously recorded to determine if a new highest 
driving current has been found. The frequency at 
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which the highest driving current flow is found is 
the resonant frequency of the probe. 

After the sweeper routine finds the resonant 
frequency of the probe, the frequency of the VCO 
is set at this frequency via a write operation to the 1 5 
D/A converter 170, and processing proceeds to 
step 716. 

Step 716 sets the power level to the probe 
back to the normal level which existed before the." 
routine of Figure 26 was entered. to 

Following step 716, a step 718 is performed 
which serves to minimize the phase angle at the 
new driving frequency. This routine will be de- 
scribed more below. Finally, a step 720 is per- 
formed which sets the FIRST_TIME flag checked 75 
in step 702 to indicate that the calibration routine 
has been performed once since the user first re- 
moved power to the probe. Finally, processing re- 
turns from the interrupt service routine of Figure 26 
to the point in the program where processing halt- 20 
ed when the interrupt that vectored processing to 
step 698 occurred. This is symbolized by step 722. 
Processing 1hen proceeds from that point 

Referring to Figure 27, the details of the 
sweeper routine are given. Step 730 symbolizes 25 
the call of this subroutine from step 714 in Figure 
26. Next, a test symbolized by step 732 is per- 
formed. The purpose of this test is to determine if 
the current operating frequency of the VCO is at or 
above the fixed, high frequency end of the band of 30 
frequencies through which the VCO frequency is 
swept to find the resonant frequency of the probe. 
If the frequency has been increased to the high 
frequency boundary or above, processing is vec- 
tored along path 734 which symbolizes the return 35 
to the routine of Figure 26, step 716. If the fre- 
quency has not yet reached the high end of the 
frequency band, processing proceeds to step 736 
which increments the incrementation variable N by 
1 step. When the routine of Figure 27 was entered, 40 
step 730 initialized N to zero. 

Nest, a step 736 is performed. This step sym- 
bolizes the step of incrementing the VCO frequen- 
cy to the next higher frequency step. The first time 
the loop of Figure 27 is performed, N is zero and 45 
step 738 sets the VCO frequency to the 
MIN_FREQ value which is the frequency boundary 
at the low end of the range of frequencies through 
which the VCO frequency is swept. Each time the 
loop is performed, N is incremented by one, and 50 
the frequency of the VCO is set one step higher 
until the test of step 732 returns processing to the 
routine of Figure 26. Step 738 also symbolizes the 
process of writing the digital word representing the 
new frequency out to the D/A converter 170 in 55 
Figure 25 to set the VCO frequency to the new 
frequency. 

Next, a step 740 is performed to read the new 
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resulting drive current through the probe and com- 
pare it to the current value of the variable l_PEAK 
in which the maximum drive current so far re- 
corded is stored. The first substep in this process 
is the addressing and reading of the digital word at 
the channel 2 output of the A/D converter 54 in 
Figure 25. This digital word represents the mag- 
nitude of the primary current in the transformer 76 
as sensed by the current sensor 550 and is propor- 
tional to the actual drive current flowing through the 
probe 22. Then, the value stored in the I PEAK 
variable is compared against the current data just 
obtained to see is the drive current is now greater 
than the previous peak drive current. If it is, the 
l_PEAK variable contents are updated with the 
value of the drive current at the then existing drive 
frequency and the value of this drive frequency is 
recorded as associated with the drive current just 
written to I PEAK. This process is symbolized by 
step 742. Processing is then vectored to step 732 
to start the loop again. 

Referring to Figure 28, the details of the phase 
angle minimizer routine are given. The first step in 
this routine when it is called from step 718 in 
Figure 26 is to determine if the current phase angle 
is within a band of allowed phase angles centered 
around the desired phase angle. This test is sym- 
bolized by step 744. The reason this step is per- 
formed is to prevent the loop of Figure 28 from 
being performed an infinite number of times since 
a successive approximation technique is \mA 
where adjustments of only half the error margin are 
made. The step 744 compares the contents of 
variable MARGIN to a constant called ALLOWS) 
which is the maximum error margin which is al- 
lowed. If MARGIN is greater than ALLOWED, step 
746 is performed which adjusts the contents of a 
variable TWEAK which is the amount by which the 
current in the D.C. bias coils 608 and 610 is to be 
changed to start the process of tuning away the 
phase angle to the minimum possible angle. 
TWEAK is adjusted by step 746 by an amount 
equal to DELTA/2 where DELTA is the signed 
difference between the desired phase angle 
(expressed in terms of the current though the D.C. 
bias coils) and the actual phase angle. The actual 
phase angle is determined by the CPU 20 by 
reading the channel 1 output of the A/D converter 
54 in Figure 25 to obtain the results of the work by 
the phase detector 50 and the summer and integra- 
tor 52. The desired phase angle can be any con- 
stant, but is usually zero. 

Next, a step 744 is performed which adjusts 
the current level in the D.C. bias coils 608 and 610 
in Figure 25 to a new. level of current in an attempt 
to minimize the phase angle. In step 744, a vari- 
able HENRY, which represents the current value of 
current flowing in the D.C. bias coils 608 and 610 
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expressed in terms of the digital value currently 
written to the D/A converter 40, is changed by the 
value of TWEAK. 

Next, a step 746 is performed to test the new 
phase angle which results from the change in HEN- 
RY and the resultant change in the current level 
flowing in the D.C. bias coils. Step 746 computes 
the value of the variable DELTA by subtracting 
from the desired phase angle, THETA, the value of 
the current phase as determined by reading the 
channel 1 output from the A/D converter 54 as 
represented by the variable PHASE. Next, a step 
748 is performed which computes the value of the 
variable MARGIN by taking the absolute value of 
the variable DELTA. 

Finally, processing is returned to the test of 
744. When the test of step 744 indicates that 
MARGIN is less than the value of ALLOWED, pro- 
cessing returns to the routine of Figure 26, step 
720. 

Although the invention has been described in 
terms of the preferred and alternative embodiments 
disclosed herein, those skilled in the art will appre- 
ciate many modifications which may be made with- 
out departing from the true spirit and scope of the 
invention. All such embodiments are intended to be 
included within the scope of the claims appended 
hereto. 



Claims 

1. An apparatus for driving an ultrasonic probe 
having a piezoelectric crystal excitation device for 
exciting a rod comprising: 

means for generating a driving signal and 
applying it to said crystal, said driving signal hav- 
ing a frequency which will cause the piezoelectric 
crystal to excite mechanical resonance in said rod; 
and 

tunable reactance means in series with said 
piezoelectric crystal for tuning out the reactive 
component of the load impedance represented by 
the probe such that the load impedance is substan- 
tially resistive. 

2. An apparatus as defined in claim 1 further 
comprising means for tuning the frequency of the 
driving signal to match the mechanical resonant 
frequency of the mechanical system including the 
piezoelectric crystal and rod. 

3. A method of driving an ultrasonically driven 
probe comprising the steps of: 

sending a driving signal having a frequency 
within a band of frequencies to be sent to said 
probe; 

measuring the relative amount of drive current 
to said probe; 

comparing said drive current to the highest 



drive current previously recorded for other drive 
frequencies in said band of frequencies; 

if said current is higher than the previously 
recorded highest drive current recording the new 
5 highest drive current and the associated drive fre- 
quency that resulted in said new highest drive 
current; 

adjusting the drive frequency to a new drive 
frequency in the band of frequencies and repeating 
to the above steps for the new frequency; and 

repeating the step next above until all 
frequencies in the band of frequencies have been 
tested. 

4. The method of claim 3 further comprising 
75 the steps of: 

determining the margin between the actual 
phase angle between the drive signal voltage and 
the resulting drive signal current and a desired 
phase angle; 

20 if the margin is greater than a constant 

adjusting the phase angle by successive approxi- 
mation until said margin is less than said constant 

5. An apparatus for driving a phacoemulsifica- 
tion probe containing piezoelectric crystal excrta- 

25 tion element at a user desired power level compris- 
ing: 

a variable inductor having an inductance value 
which can be altered; 

means for generating an alternating current 
30 driving signal for said crystal; 

means for determining the desired power U»el 
set by said user and for generating a first control 
signal; 

means coupled to receive said driving signtl 

as and to receive said first control signal for am- 
plifying said driving signal by the amount set by 
said first control signal and for applying the am- 
plified driving signal to said piezoelectric crystal 
through said variable inductor to cause vibration of 

40 said probe; 

means for determining the phase difference 
between the voltage waveform for the voltage 
across said crystal and current waveforms for the 
current through said crystal resulting from said 

46 voltage waveform of the amplified driving signal 
and for generating a second control signal indicat- 
ing said phase difference; 

means for receiving said second control signal 
and for changing the inductance value of said vari- 

50 able inductor to reduce said phase angle toward a 
predetermined value. 

6. The apparatus of claim 5 wherein said 
means for generating an alternating current drive 
signal generates a drive signal having a fixed fre- 

55 quency equal to the mechanical resonance fre- 
quency of said probe under average operating con- 
ditions. 
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7. The apparatus of claim 5 wherein said 
means for generating an alternating: current drive 
signal is a voltage controlled oscillator whicti ger** 
erates a drive signal having a frequency which is a 
function of a third control signal and: further com- 
prising means for determining the amplitude of ttw 
alternating current drive signal and the phase angfe 
error between the voltage waveform across the 
crystal and the current waveform for current flowing 
through the crystal and for generating and adjust- 
ing said third control signal based upon the mag- 
nitude of said driving signal driving said probe and 
said phase angle error so that the frequency of 
said driving signal is changed to correspond- to the 
mechanical resonant frequency of said probe at the 
power level at which it is currently operating; 

8. The apparatus of claim 5 wherein said 
means for changing the inductance value off said 
variable inductor is a computer programmed; to 
look up the probe inductance for a particular phase 
angle in a look up table, and means for converting 
the data obtained from said lookup table into a 
conesponding level of bias current flowing-through 
a flux modulating coil in said variable inductor. 

9. The apparatus of claim 7 wherein said 
means for changing the inductance value of said 
variable inductor is a computer programmed to 
look up the probe inductance for a particular phase 
angle in a look up table, and further comprising 
means for converting the data obtained from said 
lookup table into a corresponding level of bias 
current flowing through a flux modulating coil in 
said variable inductor, and wherein said look up 
table is comprised of several look up tables each of 
which has valid entries for a particular range of a 
predetermined criteria and wherein said micropro- 
cessor is programmed to determine the value of 
the criteria before selecting the proper look up 
table, and, once the proper look up table is se- 
lected, for tooking up the necessary bias current 
level in said flux modulating coil and causing said 
means for converting to drive that level of bias 
current through said flux modulating coil. 

10. The apparatus of claim 5 wherein said 
means for determining the desired power level set 
by said user is comprised of a computer pro- 
grammed to read two user manipulated controls 
including a first control where the user sets the 
desired percentage of full power cunently desired 
and a second control by which the user sets the 
maximum power desired for a 100% setting of said 
first control. 

11. The apparatus of claim 9 wherein said 
means for determining the desired power level set 
by said user is comprised of a computer pro- 
grammed to read two user manipulated controls 
including a first control where the user sets the 
desired percentage of full power cunently desired 



and a second control by which the user sets the 
maximum power desired for a 100% setting of said 
first control, and wherein said means for amplifying • 
the driving signal includes a programmable linear 
5 power amplifier which receives said first control 
signal as a digital word and amplifies the driving 
signal waveform by a gain set by said digital word. 

12. The apparatus of claim 8 wherein said 
means for determining the desired power level set 

70 by said user is comprised of a computer pro- 
grammed to read two user manipulated controls 
including a first control where the user sets the 
desired percentage of full power currently desired 
and a second control by which the user sets the 

75 maximum power desired for a 100% setting of said 
first control. 

13. The apparatus of claim 7 wherein said 
means for changing the inductance value of said 
variable inductor is a computer programmed to 

. 20 look up the probe inductance for a particular phase 
angle in a look up table, and means for converting 
the data obtained from said lookup table into a 
corresponding level of bias current flowing through 
a flux modulating coil in said variable inductor to 
25 cause it to assume an inductance which makes the 
combined load impedance of the load represented 
by the probe and the variable inductor substantially 
purely resistive in nature. 

14. The apparatus of claim 13 wherein said 
30 means for determining the desireci power level set 

by said user is comprised of a computer pro- 
grammed to read two user manipulated controls 
including a first control where the user sets the 
desired percentage of full power currently desired 
35 and a second control by which the user sets the 
maximum power desired for a 100% setting of said 
first control. 

15. A method of driving an ultrasonic probe 
having a piezoelectric crystal excitation element 

40 comprising: 

generating a periodic driving signal for said 
crystal; 

reading a user set desired power level; 
amplifying said periodic driving signal at a gain 
45 level set by said user defined desired power level; 

applying the amplified driving signal to said 
crystal through a tunable inductor; and 

tuning said tunable inductor as the phase 
angle between the voltage and current waveforms 
50 of the driving signal so that the combined imped- 
ance of said probe and said tunable inductor is 
substantially resistive for all power levels. 

16. The method of claim 15 further comprising 
the steps of. 

55 determining the mechanical resonance fre- 

quency of said probe over changing conditions; 
and 
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altering the frequency of said driving signal to 
substantially match said mechanical resonance fre- 
quency. 

T7. The method: of dam T6 wherein said step 
of determining: the mechanical resonance frequen- 5 
cy of said probe includes the steps of inferring the 
mechanical resonance frequency from the ampli- 
tude level of the driving, signal and the phase angle 
between the voltage and current waveforms of the 
driving signal. 70 

18. The method of claim 17 wherein the proper 
driving frequency is determined by using the phase 
angle as an index value into a look up table which 
stores the proper driving frequency for various con- 
ditions of phase angle. 75 

19. An apparatus to automatically tune the driv- 
ing frequency of an. ultrasonic probe comprising: 

means for sensing the phase angle between 
the current flowing through the ultrasonic probe 
and the driving voltage causing said current; and 20 

feedback means coupled to said means for 
sensing to change the frequency of the driving 
signal until said phase angle changes to a pre- 
determined value. 

20. The apparatus of claim 19 further compris- 25 
ing means for allowing the predetermined value of 
phase angle to be set by the user. 

21. The apparatus of claim 20 further compris- 
ing programmable linear amplifier means for am- 
plifying the driving signal to said probe wherein the 30 
gain level of said programmable amplifier can be 

set by the user through sending a digital word to 
said programmable amplifier. 

22. An apparatus for driving an ultrasonic probe 
comprising: 35 

means for receiving a signal in phase with the 
current flowing through said ultrasonic probe and 
for converting it to a first signal comprised of a 
train of rectified pulses; 

a voltage controlled oscillator means for 40 
generating the driving signal for said probe and for 
providing a second signal in phase with the voltage 
waveform of said driving signal and having a fre- 
quency adjust input; 

phase detector means coupled to receive said 45 
first and second signals for generating a phase 
error signal; 

means for integrating said phase error signal 
to generate a frequency adjust signal and for cou- 
pling same to said frequency control input of said 50 
voltage controlled oscillator. 

23. The apparatus of claim 22 further compris- 
ing means coupled to receive said driving signal 
from said voltage controlled oscillator and for am- 
plifying it by a gain set by a signal sent by the 55 
user. 
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24. The apparatus of claim 22 wherein said 
phase detector means generates said phase error 
signal as a pulse width modulated pulse train. 

25. The apparatus of claim 24 further compris- 
ing a low pass filter and integrator for filtering said 
phase error signal and for converting it to a direct 
current phase error signal having an amplitude 
proportional to said phase error. 

26. The apparatus of claim 25 wherein said 
integrator includes means for allowing the user to 
set a center phase angle error such that the sys- 
tem corrects phase angle errors so as to cause the 
phase angle to change in the direction of said 
center phase angle.. 

27. A method of driving an ultrasonic probe 
comprising: 

generating a driving signal for said probe and 
applying same to said probe; 

sensing the phase angle between the current 
waveform through said probe resulting from said 
driving signal and the voltage waveform across 
said probe caused by said driving signal; 

converting the phase angle to a direct current 
voltage level; 

. integrating said direct current voltage level to 
generate a frequency adjust signal; and 

using said frequency adjust signal to change 
the driving signal frequency in such a way as to 
alter said phase angle error toward a user defined 
value. 

28. The method of claim 27 further comprising 
the step of reading a user input regarding ftf 
desired home value for said phase ang* *mx 
toward which all phase angles are afttffcd f*f for 
causing said frequency of said driving signal to &ft 
changed in the proper direction to tend to c*utt 
said phase angle error to change in the direction of 
said home value. 

29. The method of claim 28 further comprising 
the steps of reading a user defined input regarding 
the desired power level and amplifying said driving 
signal by an amount proportional to said user de- 
fined power level input signal. 

30. The method of claim 14 further comprising 
the steps of tuning using the phase angle error 
signal to tune the inductance of a tunable inductor 
in series with said probe and through which said 
driving signal passes so that said phase angle 
changes toward zero or some other user defined 
acceptable phase angle error. 
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